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RUPTURE PROPERTIES OF INCONEL 
WELDMENTS AT 1400, 1600 AND 1800 F 


Joint efficiencies up to 10,000-hr 
ruplure life established for Inconel weldments operating 


in the temperature range of 1400 to 1800° F 


BY D. A. SCOTT 


ABSTRACT. A rupture testing program 
was carried out to determine the joint 
efficiency up to 10,000-hr rupture life of 
Inconel weldments at 1400, 1600 and 
1800° Metal-are coated electrode 
Inconel welding rod was used to join */-in 
thick Incone! plate, in the fine- and coarse- 
grained conditions. Inert-gas consumable 
electrode Inconel welding rod was used to 
join */,-in. thick fine-grained Inconel] plate 
Samples of plate, weldments and weld 
metal were tested in standard creep- 
rupture machines. At 1400° F joint 
efficiencies up to 10,000-hr rupture life 
were 100%. At 1600° P, joint efficiencies 
varied between 100% at 500 hr and 
80-85% at 10,000-hr rupture life. At 
1800° F. inert-gas joint efficiencies were 
95% at all times, but metal-are joint 
efficiencies varied as follows: (1) 85% at 
500 hr to 100% at 10,000 hr rupture life 
in fine-grained plate; and (2) 75% at 500 
hr to 85% at 10,000 hr in coarse-grained 
plate. Post-welding treatment of fine- 
grained plate weldments at 2050° F for 2 
hr showed marked improvement of weld- 
ment rupture life at 1800° F and high- 
stress levels. 


Introduction 

Many high-temperature alloys are fabri- 
cated into weldments for service in the 
temperature range 1400 to IS00° F 
No information can be found in the 
literature relating to joint efficiencies 
which could lead to proper assessment 
for design purposes. Much of the de- 
sign work is based on either room tem- 
perature properties or welder preference 
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tests. Some time ago the International 
Nickel Co., Inc had occasion to run 
casual rupture tests on Inconel X weld 
ments, and were surprised to find that 
rupture strength ran 
than that of the 


therefore 


the weldment 
some 50-40% 
plate It was felt necessary 
to examine the 


lower 

rupture properties ot 
high-temperature alloy weldments As 
a result of this, a rupture testing pro 
gram for Inconel weldments was initi 
ated to establish joint efficencies up to 
10,000-hr rupture life at 1400,1600 and 


F. 


Material for Testing 

A number of weld samples were pre- 
pared by welding together pieces of 
measuring 4- x Il- x in 
edge In all 
that the 


completely 


Inconel, 
CHSeS 


along the Il in 


radiographs showed welds 


chosen for testing were 
sound 

Two types of plate used were 
hot-rolled and 
1650 
but subsequently grain-coarsened for 
hr at 2050° F 
used were 


tallic-are; and (2) inert-gas consumable- 


mill-annealed 


F (fine-grained): and (2) as in 


Two welding methods 


coated-electrode me- 


electrode, the former method being used 
for both latter 


only with fine-grained plate 


plate grain sizes the 


Typical analyses of materials tested 
are as follows 

Klement Vn ke 
Inconel plate 0.03 0.33 7.79 
Metal-are weld metal 0.10 0.35 9.50 
Inert-gas weld meta! 0.05 0.25 7.0 


Scott Inconel Weldments 


Method of Testing 
Rupture tests 
weld metal and weldment 


were perlorime d on 


plate sam 
ples machined from the above-mentioned 
weldments. The 
taken from material remaining after re- 


plate samples were 
moving the weld metal samples 
Rupture samples were machined to 
0.375 in. diam along a 2 in. gage length. 
Although ductilities of weld 
ments will vary according to the gage 
length of the test bar, the 2 in. length 


rupture 


was chosen as a standard for comparison 


The 
ment samples were chosen to include 
the weld at the center of the gage length 
reinforcement 


of plate and weldments. weld 


without any 

Test 
1600) and 
chosen on the basis of available data on 
{upture lives of 5OO hr 
where ade 


1400 


were 


temperatures used were 


Stresses 
Inconel plate 
or more were attempted; 
quate test samples were available suf 
obtained to allow an 
10,000-hr 


reasonable 


ficient data was 
assessment of behavior at 
rupture life by means of a 


extrapolation 


Results of Tests 
The results of rupture tests of plate, 
weldments and weld-metal are listed in 
Table 1 Plots of log stress-log rupture 
time are shown in Figs. | and 2 All of 
the weldment data are compared with 
8 Si ( 
0.007 0.21 O 
0007 OM O15 TIL! 2M) 
0.007 0.40 74.5 f 
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Table |—Test Data on Plate, Weldments and Weld-Metal 


Vaterial 
teated 


Vine-grained plate 


Coarse-grained plate 


Metal-are weldment 
in fine-grained plate 


Metal-are weldments 
in cours grained 
plate 


lnert-gas weldment in 
fine-grained plate 


Metal-are weld metal 


Inert-gas weld metal 


Teat 


lem pera- 


lure, 

1400 
1400 
1600 
1800 
1400 
1400 
1400 
1400 
100 
1400 
1400 
1800 


Stress, 
pet 

7000 
4000) 
3500 
2000 
2000 
1600 
1300 
7000 
1000) 
S000 
2000 
1400 
SOOO) 
7000 
1000 
3500 
2700) 
2000 
2000 
2000 
7M) 
170 
1450 
100 
1000 
3000 
2000 
1200 
2000) 
1500 
SOO) 
1000 
2000 
1700 
1500 
2000) 
170 


Rupture 
Elonga- 
tion, % 


Rupture 
life, 
hr 
(66 
1874 
631 
1176 
309 
1146 
3609 
2400 
2402 
720 
207% 


Poaition of 


in 2 in fracture 


85 2 


Base metal 


Fusion line 


Base metal 


Base metal 
Fusion line 


Weld metal 
Base metal 
Fusion line 
Base metal 


plate in Fig 
compared 
Fig. 2 


with 


fine-grained 


1 and weld-metal data are 
plate 


The results of tests showing the effect 


of post-welding heut 


listed in Table 2 


treatm 


‘nits are 


1400° F; the weld-metal is much 
stronger than the plate and this, to- 
gether with high plate ductility, 
counts for weldment breakages oecur- 
ring in the plate. The total ductility 


of weldments is lower than that of the 


Table 2—2000 psi, 1800" F Rupture Tests, Post-Welding Heat Treatment 


T'est materia 


Metal-ars 


fine-grained plate 


weldment in 


Inert-gus weld metal 


T° mp of 2-hr 
poat-welding 
freatment 
No treatment 
20500" 
No treatment 
150° 
2050" 


Vin 


ereep 


Rup- 
lure Start 
of Srd 


stage 


clonga- rate 


Hours 


lo 


tion, in/in 


hr. & 


oy 
o in creep, 


hy 


rupture 2 


278 
125 


O46 


Behavior at 1400 F 


All of the materials except the weld 


metal have similar 


rupture 


lives at 


plate because of the fact that a portion 
of the gage length comprises very low 
ductility weld metal. Joint efficiencies 
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of all weldments are 100°) at all times 
up to 10,000 hr. 


Behavior at 1600° F 


Rupture strength of weldments at 
1600° F is less than that of the plate 
At 500-hr rupture life metal-are weld- 
ments made in fine-grained plate have 
some 95% of the plate rupture strength, 
whereas inert-gas weldments in fine- 
grained plate and metal-are weldment= 
made in coarse-grained plate have 100°; 
of the plate strength. However, with 
increasing rupture life the weldments 
become increasingly weaker than the 
plate so that at 10,000-hr rupture life 
joint efficiencies are between 80 and 
85% for all weldments. Weld-metal 
has the same rupture strength as the 
plate. The lower strength of the weld- 
ments is not due to lower weld-metal 
strength but to weakening at the fusion 
line, where all fractures occurred. This 
is attributed to stress concentration in 
the fusion zone where relatively 
high-ductility plate and the very low- 
ductility weld-metal behave differently 
under load. 


Rupture ductilities of plate and of all 
weldments are with increasing 
rupture life, and it is suggested that this 
is due to carbide precipitation at the 
grain boundaries, such 
being slow at 1600° F and accelerating 
with time at temperature. 


Behavior at 1800° F 


The behavior at 1800° F is somewhat 
more complicated than that at the two 
lower temperatures. The first compli- 
cating factor is that the coarse-grained 
plate has some 15% rupture 
strength than the fine-grained plate 
Both types of weld-metal have about 
the same rupture strength as the fine- 
grained plate (Fig. 2). Therefore, it 
would be expected that all of the weld- 
ments made in fine-grained plate would 
have rupture lives controlled by eithe: 
plate or weld-metal behavior, and that 
weldments made in coarse-grained plate 
would be controlled only by 
rupture strength of the 
However, metal-are weldments made in 
fine-grained plate, tested at 2000) psi 
and 1750 psi, ruptured at some '/, to 
'/, of the plate rupture life, and a metal- 
are weldment made in coarse-grained 
plate, tested at 2000 psi, had '/, the 
plate rupture life. All of these broke 
at the fusion line with very low rupture 
ductility and hence it is a stress con- 
centration factor which governs at short 
rupture life at IS00° F 
1600° F at long rupture life. It w: 
found that at 1800° F carbide precipita- 
tion is very rapid and this is certainly 
a cause of very low plate and weldment 
ductility at high-stress levels 
rupture life). 


lower 


precipitation 


greater 


the lower 
weld-metal 


aus it does at 


is 


(low - 


In contrast to the above, rupture duc- 
tilities at lower stress levels are much 
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Fig. 2 Stress-rupture 
plate data 


higher, and this is attributed to the fact 
carbide spheroidization and decarburi- 
zation both, in the 
Coupled with the effect on carbides is 


that longer times at result in 


plate material 
considerable grain growth occurring in 
the fine-grained plate and grain bound 
ary migration in both types of plate 
Two metal-are weldments in fine 
grained plate, tested at 1500 psi, broke 
the 


ture life as the plate, the other 


in base metal, one with same rup- 
surpris- 
ingly, with almost double the plate life 
4 similar weldment in coarse-grained 
plate, on the other hand, when tested at 
1200 psi, broke in weld-metal; this rup 


falls 


weld 


if considered in Fig 


the 


ture point 
within 
metal strength 

Metal-arc weldment joint efficiencies 
SOO-hr 


reasonable limits of 


are: at rupture life > for 
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data of Inconel weld metal compared with fine-grained 


fine-grained plate weldments and 75% 
for coarse-grained plate weldment it 
10,000-hr life, 100° 


grained plate weldments and 
| 


for fine 


rupture 
tor 

Be 
weld- 
| for metal 
heen drawn at low 


with the 


coarse-grained plate weldments 
cause of breakage in either plate or 
metal the solid curve in Fig 
are weldments ha 
stress levels to coimeicde fine 
grained plate curve 

rhe 


grained inate 


the 


made in 
contrast 
of highly stressed 

Based the 
joint effi 


\ 


veldments 
teste at 


fine 


base metal (in 


to the perfor 


metal-are weldmente on 


two points plotted in hig | 


ences are 95°, atall rupture times 


tests nert-gas weldmente 
in coarse-grained plate, but undoubted) 


the etre ngth of the weld 


were made ol 


lower rupture 


metal would produce a joint efficiency 
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of such weldment 


1O.000-hy 
Post-Welding Heat Treatment 
Lhe 


n fine-grained pl izh-stress levels 


are weldments 


it ISOO me cursory tests 
post-welding heat 
The 


of heat treatments of 2 hi 


showing th et ol 


treatment on rupture life 
mediute effect 
2050° to coarsen fine 
thus its 
rupture strength 
2 indicate that the 


weldments at 


it 1950 and 
grained’ piate nnd 
strane 


on bole 


creep 
Che 

rupture ile ol 
ZOOO 


data 
metal-are 
loubled with a consider 
the 


occurs at 


in 
ible 
tility 
ion line of 


rupture duc 
the fue 
weld 
improvement ino its 
heat treat 
ind 1800° F 
en has been achieved 
incl it 
other 


imiutharly 


improvement in 

Fracture still 
inert-gias 
meta how 
sulting trom 


it ZOOO pei 


lif rt 


Thu 
eth 


ment 
100°; 
for metal-are weldment 


that 


Is Por 


ible ome of the types ol 
or at least 
omewhat, improved by a like ‘treat 
However felt that 
welding heat treatment would not ap 
tie stress rup- 
The higher 
ved at 1800° F 
ix-welded, ut- 


post-weld- 


veldments might be 


ment post 


pres ibiv low 


ture il 


are 
tributal to an 


ing heat treatment” occurring during 


the life of the teat pecimens 
ignificance, a post-weld 
hould he 


for high-stress applica 


pi whens 


ing heat treatment 


where po 


tions of In weldments 


on 


Summary 


Rupture testing of Inconel weldments 
veld-metal has shown that 


100°) joint efficien 


plate and 
| \f 
ive Obtained at a 
At 1H00° | 

ire obtaimed 

ind this g 


| rupture lives 

100°) joint efficien- 

up to 
life radually drops to 

at 10,000-hr rupture life 

At 


eflicienen 


only 
rupture 
metal-are joint 
75 and 85% at 500 hours 
und 100% at 10,000 
and fine- 


weldments, re 


rupture 


hr rupture for course 


grained Inconel plate 


pect el 
At 


nent in 


efheencies of 
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| rupture lives 
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irkedly 


rupture 
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trhnowledgment 


hee to thank the vari- 
\iines Branch, De 
ind ‘Technieal Sur 
in particular H, \V 


thew 


thy 


cooperation 


600% 
AR 
Gra 
| | TT 
| 
= 
100 400 800 2900 

i 10 

| 

>. 

| 

| rT t+ | 

x 

| Ph 
| 
| 

| t+ i 
| | | ~~ 

600 + + + + + ; 

q Po ‘ 

2050 2 4 
| metal-are weld 
: and high 
4 The author 
te ous members of 
; partment of Mi 

‘ (ottawa il 
ee n making this study possible > 


weld cracking properties of sheet materials believed to be a 


reliable lool for the determination of their weldability 


BY JOHN S. BOUDREAU 


ABSTRACT. A quantitative test has been 
developed for the determination of the 
weld cracking properties of sheet ma- 


teriala, testing device was designed 
and built, The test consists of applying a 
measurable, steady, tensile load to a 


sample of sheet stock while an inert-are 
weld is made normal to the axis of loading, 
without filler being added. The load at 
which cracking i# initiated is an index of 
weld eracking susceptibility and may be 
determined rapidly with a minimum of 
preparation and examination. cor- 
relation was obtained between the indices 
determined and the known weldability of 
certain materials, Predictions of welding 
behavior for some new and experimental 
alloys are made Photographs of the 
equipment, and test results are 
included, Charts showing the compara- 
tive index values of several materials are 
given 
Introduction 
Hot cracking due to welding in many 
high-temperature alloys, particularly 
the precipitation-hardening types, has 
heen a major deterrent to their adop- 
fabricated 
welding standpoint, 
substitution for an es- 


tion for use 
blies. From a 
to attempt 
tablished material, or to evaluate new 
materials, treatments and alloy mocdi- 
fications usually involve a trial-and- 
error procedure, incur much expense 
then, in many cases, successful results 
Although many 


and are time-consuming as well 


cannot be realized 
potential material substitutes im- 
provements exhibit desirable or superior 
mechanieal and physical properties, the 
lack of information about their behavior 
when welded, or during welding, pre- 
cludes their immediate use 

At the present stage of alloy design, 
theoretical prediction of welding be- 
havior ie not possible Those welding 
characteristics which are known have 
been obtained through expenence, usu- 
ally by the evaluation, destructively, of 
simulated or of actual production as- 
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Quantitative lest developed for the determination of the 


A WELD CRACKING SUSCEPTIBILITY 
FOR SHEET MATERIALS 


Fig. 1 


Testing machine in operation 


Fig. 2. Tested specimen in place 
semblies. Furthermore, this procedure 
is not quantitive, and findings can be ap- 
plied only to the assemblies under con- 
sideration. Repetitive results are in- 
frequent. 

The problem of developing welda- 
bility tests for various conditions of de- 
sign and materials has long been a sub- 
ject of investigation by the General 


Boudreau— Weld Cracking Test 


Electric Co. In addition to the stand- 
ard qualification tests for operators 
and for joint designs, much work has 
been done on the evaluation of new and 
unusual joint configurations and ma- 
terial combinations for the many and 
varied types of apparatus currently 
being produced. Most weldability 
tests, however, are for a specific set of 
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conditions. They require much prepa- 


ration before welding and extensive 


machining polishing ind visual in 


spection ilter weld ng Ther usu 


procedure 


innot be compared cirect] 


ally involve a ZO, NO-go 
and results 
to other materials or material combi 


required, and this 


nations metal ire yenet alls 


roduces still 
another vari hest, these tests 
are indicative only quantitative rena 
ings are not rossi tole ans 
attached must be assigned 
Several of these tests are 
Stout and Doty 

To apply these tests to sheet stock 
presents a difficult problem A rigidl 
held sheet tends to upset when welding 
stresses and temperature gradients are 


introduced Stress levels are not onl) 


difficult to control, but are 
vithout elaborate equipment 


mpossible to 
measure 
Furthermore, they are never completely 
reproducible 

The welding properties of sheet metal 
are of particular importance in the au 
eraft gas turbine field In the design 
of materials to meet the increasing opet 
ational temperatures and stresses, the 
need for a reliable quantitative test for 
measuring weld cracking susceptibilit 
has long been recognizer 

It is a well-established fact 
straint cracking—that 


occurs when weldments or base meta 


cracking whiel 
are unable to withstand the 

up in a rigidly held jomt—1 
fabrication problem This effect 
centuated by the fixturing necessary 
welding assemblies which must be held 
to extremels While 
this property has not been favorable in 


close tolerance 


fabrication, it has been made to work to 


aivantage in testing and is the basi 


of many weldability test 
A very promising test employing thi 
principle has been developed This test 
consists of applying a definite, stead 
tensile load to a sample of sheet stocl 
while an inert-are weld is made norn 
to the axis of loading thout filler beimny 
added. Thus, a 
tional, mensurable stre 


velded 


ditions which simulate the stre due t 


ubstantially unicires 
a specimen while it ts 
welding and to the resultant thermal ex 
pansion ind contraction The tre 
wking 

index of the weld era 

of the m | 

tions can 


level at whi 


preparation re 


Preliminary Testing 
Initial tests 

ducted Weiss 

operated horzonta 

shown 


chime t i 


for Ts 


erucking occurred 
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tion and that A-286 presents a much 
more difficult fabrication problem it 
two materials could 
‘ints in the develop 


racking suse¢ ptibility 


of the manualh operated test 
hine required two men one to 
the velding equipment the 
teady load on the 
men mpensating for the ey 
pansion and tion of the speci 
men during velding evel Since 
perator techt and unat 
vied operation « equipment re 
ilted im wid ons in load for 
n test lecided 
deviwe vould automati 
changes cur 
operat ol \ 
chine vo weommodate 
oads up to 2400 Ih 


ry ipl showing t testing 


stati loud testing 
iphoto 
operation 1 Is ipple 1 to 
i 
mdieated on 
Figure 2 | i 
test specimen in primes 


n position at the end of 


Development of the Test 


In order to ¢ “h Standard speci 
men and optunmum testing tech 
eral mater 


ic ind toe 


ollow ine ocedure was emplo' 


vere m1 on the ory 
limited to 
dimension 
did not excee | a length of 6 in. and a 
width of 2 hickness of 0.062 tn 
is selec iis size was readily 

ttlable hye 
obtamed im most exp 


Phe m 


ned 


tandard tilloys ind 
testing ci 


2000 


INDEX VALUES 


1000 


500 


0 
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Fig. 3. Index vs. specimen width 


eau Wield ¢ racking Ts 


Orin 


juate 


considerable data 
umulated on sev- 
dimensions of the 
ver, were dependent 
This 


straight- 


jue evolved 
ng a 

ther manually or auto- 
een the specimen and a 
tungsten electrode 
learance of 0.062 mn 
employed as a 

The weld was 

enough from the 

to prevent burn 

to minimize the 
iflected base metal 
raveling mechanism 

ive. traversed the 

the axis of loading 

If the are was 

before the start of 
nitiated and fol- 

d, indicating an un- 
loo travel 
veld bead with inade 


raph a 


tilted 


penetration 


| across the speci 

tance Was cut ina 

the end of the run 

re reduction served 

ite) ind to cut off the 
i travel cistance of 

ed to run at the testing 
‘ f the are ran off the 
ik occurred and the 
There 
is mile rrupted completely 
reduction at a point 


not rr produs ible 


of the specimen was 


ing established a suitable welding 


the optimun specimen W ith 


rmined Samples of 
2) materials were cut 

Weld cracking 


were obtained for 
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trave 
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As the ar 
weld pass Che resultant 
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complet 
| in f alle 
pecimen, bu 
j +} | result were 
curing the on 
3 ust before the edg Po 
reached 
vas next de 
4-286 and 1 
mental materia nt it! 
these sizes, as the weeptibility indice 
| Ha 
ye 
i” 
eg 
se lines were con le 
[sing manus 
wile testing i | 
| 
levels for 321 material and f INCHES 
: 4-286) allo Since it ell known that 
Type 321 ix readily weldable in produc- a 


Thickness = 0.062 in. 


Fig. 4 Test specimens 


ench size for the respective alloys.  Fig- 
ure 3 is a plot of the effect of specimen 
width on the weld cracking susecepti- 
bility index. The dotted lines in the 
figure were drawn by projecting the psi 
load of the index obtamed on a I’/.-in 
wide specimen, to the other sizes on the 
assumption that the weldability index is 
proportional to the cross-sectional areas 
of the specimens, For Type 321 it will 
he noted that a-fairly wood correlation 
was obtained, while for A-286 the slope 
While these re- 


lationships might prove useful for eval- 


is somewhat different 


uating subsize specimens, it was de- 
cided to standardize on the 1’/, in 
Ww hex ause of conditions posed by 
the load capacity of the testing machine 
and the optimum travel distance of are 
Some tests were made on O.044-in, stock 
of standard widths at lower currents 
but the indices obtained did not corre 
late too well with the results on the 
0.062 in, thickness on a limited number of 
materials Hlowever, ona given mhate- 
rial the results were reproducible and 
it is felt that, if necessary, comparative 
indices could be obtained \ specimen 
length of §'/, in. was arbitrarily chosen 
as standard, as it was felt that length 
is not critical, and this size handled well 
in the equipment The dimensions of 
the standard test specimen and a typi- 
cal weld pattern are shown in Fig. 4 
During the determination of optimum 
size, it was also found that alignment 
is quite critical, extraneous stresses 
such as bending or torsion which might 
be introduced by the testing machine or 
by the backing fixture, caused erratic 
results, The jaws of the tensile ma 
chine were adjusted for axial alygnment, 
and the backing fixture was held with 
very light pressure against the speci- 
men. This backing fixture consisted of 


a copper block 2 x 4.x "4 in. with a 


ideal current, 75 amp; no failure at 1800 Ib 
load (Type 321 index) 


High current, 80 amp; failure at 1700 Ib load 


Low current, 70 amp; no failure at 1900 Ib load 


Fig. 5 Testing sequence 


groove */,in. wide x '/» in. deep. Pene- 
tration studies indicated that the best 
condition for duplication of results was 
achieved by a current setting which 
would result in a bead penetration with 
a width of */ to '/, in. on the underside 


of the specimen, while the sag of weld 


High current, 85 amp; 


high load 2000 Ib 


Excessive current, 90 amp; excessive load, 2200 
Ib 


Start too close to edge 


Fig. 6 Improper testing techniques 


Boudre au Weld C'racl ng Test 


Low penetration at 70 amp 


metal did not come in contact with the 
copper backing. Any penetration be- 
low this amount required excessive 
loading to effect cracking. 
in excess of this amount resulted in 
cracking at lower stress levels and some- 
times in the introduction of the chilling 


Penetration 


Run-off burn-bock 
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High penetration at 80 omp 

4 

Se | High penetration at 85 omp 
| 
4 
| 
we 


ALLOYS EMPLOYED EXTENSIVELY IN WELDED Components 


Fig. 7 Weld cracking susceptibility index Fig. 8 Weld cracking susceptibility index 


effect of the backing against the weld index. Once this is determined, the Is of lo of limited welding ex- 
ment. Erratic values resulted when load is then lowered by 100 Ib, the eur rT predictions of their welding 
e made on the basis of 


ever deviation from this procedure ox rent is increased by 5 amp and the test roperties wel 
curred Jecause of the differences in repeated Thi Increases penetration i ’ Che indices of alloys which 


are action of the various materials und a crack should occur at the lower employed extensively in welded 
tested, it was necessary to adjust the load. The load is then raised to a level omponents are given in Fig. 7. The 
current to the material in each case in 100 Ib above the index, the current ts results obtained on alloys proposed for 
order to obtain the proper penetration reduced 5 amp below ideal and the test re sl iin Pig. 8S. The compara- 
rather than to maintain a constant is repeated. Penetration is low and no cal compositions of these 
current in all cases Although these eracks should result These two addi rl re found in Table | 
adjustments were small, they never tional steps serve to bracket the index hould be noted that many of 
theless had a profound effect on the in Figure 5 illustrates this testing sequences ' | re on the basis of single 
dex values is used on Type 321 alloy and also in wel le ata time when the 
The optimum testing technique, «as cludes an enlarged view of the type of was being developed, For these 
finally established, is as follows cracking observed presented should 


The test specimen, st ale-free and de Iixcellent reproduc ibility of results 


yreased, is placed in the testing machine vas possible wing this technique 


index determined was 
and a load is applied. Generally, the However, misleading observations re (3-102, an experimental 
starting point for an unfamiliar alloy sulted if the improper techniques pre hno production welding 
The Kperien ivailable This alloy 


gained wih a particular family of al effects of these are illustrated in Fig. 6 long with lloy 1570 and Ineo 702, 


lovs, a different level might be suggested he readily weldable if 
A weld is made with a current of Evaluation of Materials i! ynificant For the 
approximately 75 amp. The specimen Along with the development of the Low Car 
mate On 3 25 and Type 


would be 1200 Ib, but as experience is ‘ously discussed were employed 


is removed within 30 sec. and examined testing technique, a program of 
for penetration and for cracking If rial evaluation was simultaneously un er . excel correlation be 
penetration is not correct, adjustments dertaken Weld cracking suscepti “uy index level and their ease 
| ntermediate range 


M252, eore 


in current are made with each succes bility indices were obtained for several 
sive test until proper effects are observed high-temperature allo ind alloy mods neo io ind 
The load is then varied in 100-lb in fications. Good correlation was ob yell xperience, At the 
crements until the highest load at which tained between the indices determined ow nal « } cule may be found 
cracking does not oecur is determined and the known weldabilit of certain or welding 


This is the weld cracking susceptibility materials, In the case of new mate pro mve been encountered, Alxo, 


Table 1—Nominal Compositions of Materials Evaluated 


Vaterial Index Vn Vo 1/ 
Allegheny 220) 
Low C 20000) 
Haynes 25 1000) 
Gk Alloy 1570 
Type 321 1800) 
Type 347 1600 
Ineo 702 
GE M813 (1 1400 
GE (2 HOw 
Inconel W 1 
100) 
M252 400 
Inconel 1000 
\-286) 800 
Inco 00! 700 


1956 Boudreau Weld Cracking Test 


2000 se =| 
w 
Inco a mise POOR 
ALLOYS PROPOSED FOR WELDED COMPONENTS 
015 | 
Bu 0 25 


it would appear that Inco 901, for which 
there is no available welding experience, 
is not a promising material from a 
fabrication standpoint 

It will aleo be noted that there is a 
range of index values for Inconel X 
M&13, A-286 and Type 347 materials 
This i# due to variations in composition 
or treatment and indicates the appar- 
ent sensitivity of this test to these fac- 
tors. There is strong evidence that 
certain heats of a material, within speci- 
fication limits, display a difference in 
weld-cracking properties The results 
on Type 347 are an excellent example of 
thie. Of the two heats tested, one ex- 
hibited a high index, 1600, while the 
other gave low results, 600. No signifi- 
cant differences could be noted in their 
compositions, and both were within 
specification limits. This is consistent 
with actual industrial experience 

The results thus far obtained in the 
evaluation of materials have indicated a 


How- 


ever, much more data must be accumu- 


certain reliability of this test 


lated before a categorical ac ceptance or 
rejection of a specific alloy can be made 
Many heats and conditions of a given 
material should be investigated 

In an effort to determine the relia- 
bility of this test 
initiated for comparing the results on 


& program has been 


this test with those made at Rensselaer 
Polytechnic Institute on the hot due 
tility apparatus as described by Nippes, 


el al.” Several alloys will be tested by 


both methods, and it is expected that 
this information will be published at a 
later date. 


Other Observations 


In addition to the evaluation of the 
weldability of specrfic materials, some 


miscellaneous teste were conducted 
The following observations were made 

Most of the test specimens employed 
in this investigation were cut to size by 
flat shearing. Ona single heat of A-286 
tests indicated no differences in index 
values on specimens which were ma- 
chined, ground or sheared to size 

No differences in results were found 
when welds were made normal or paral- 
lel to the direction of rolling on tests 
which were confined to A-286, Type 
$21 and Inconel W 

Seale was removed from test speci- 
mens either by molten-salt cleaning, 
grit blasting or by abrasive polishing 
The method of scale removal had no 
measurable effect on the results, but 
material 


heavily scaled or dirty 


gave inconsistent readings. In some 
cases, materials which had a thin mill 
or heat-treating scale displayed higher 
index values than scale-free specimens 
from these same heats However, these 
tests were limited, and no definite con- 
clusions should be drawn without fur- 


ther investigation. 


Summary 
It is felt that the weld era king SUus- 
ceptibility test described here is a relia- 


ble tool for the determination of 
weldability of specific materials 

also useful for the evaluation of the 
effects of variations in composition 
heat treatment, melting practice and 
other processes on welding behavior and 
on hot-tearing properties. Its greatest 
value, however, may come in furthering 
a better understanding of the nature of 
weld cracking as affected by incipient 
melting phenomena, precipitation-hard 
ening mechanisms, solidus-liquidus gap 
and other factors. By correlating the 
information obtained from this test with 
metallurgical, chemical! 
other data, the best avenues of approach 
to a more effective alloy design program 
may be delineated, and improved ma 


physical and 


terials and techniques may result 


Welding 
theoretically predictable 


behavior may someday be 
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ASTM Publishes Additional 
X-Ray Diffraction Data 


Section 6 of the X-Ray Diffraction 
Data Card File distributed by the 
American Society for Testing Materials 
has recently been completed and pub- 
lished, It is available in plain and key- 
sort cards and covers approximately 
HOO) new and 600 
revised and improved data patterns 


powder patterns 


previously issued in Sections | to 5, 
inclusive 

The Diffraction Data File is sponsored 
by the 
Association, the American Society for 
Testing Materials, the British Institute 
of Physies, and the National Associa 
tion of Corrosion Engineers 


American Crystallographic 


The file is widely used by research 


168-8 


laboratories, geological and research 
departinents of 
mental and industrial laboratories in 
the U. Mexico Cireat 
Britain, France, Italy 
way, Sweden, Belgium, Netherlands, 
Switzerland, Israel, Indonesia, South 
America, Africa, Australia and Japan 

A revised Cumulative, Alphabetical 
and Grouped Numerical Index of 
X-Ray Diffraction Data (STP 48K) 


including the new Section 6 has also 


universities govern 
Canada 
Germany, Nor- 


been published 

Section 6 of the X-Ray Diffraction 
Card File on plain cards (3 x 5 in.) 
is priced at $135 for the first deck and 
S50 per deck for decks 
Section 6 on keysort cards ( 4 x 6 in) 
is priced at SIS5 for the first deck and 
$70 per deck for additional decks. A 
copy of the index book is furnished 


additional 


without charge with each order. The 
index may also be purchased separately 
for $10 per copy. Orders or inquiries 
for additional information should be 
addressed to the American Society for 
Testing Materials, X-Ray Dept., 1916 
Race St., Philadelphia 3, Pa 


Re seare A ews 


Researches 
Aluminum 


Into Welding of 


The plan of work to be undertaken 
by the ADA Welding Research Team 
at the University of 
Mngland, under the sponsorship of the 
Aluminium Development 
33, Grosvenor St., London, W.1. was 
outlined in their Research Report No 
1, and a summary of the work to date 
was published in their Research Report 
No. 6 issued at the end of 1949. Ove: 
period, from 1944-1950 
investigations have been 


Birmingham 


Association 


the whole 
individual 
reported to learned societies and on 
occasion in articles the technical 
The present publication 
Research Report No. 27, ‘Researches 
Into the Welding of Aluminum and Its 
Alloys,” 


entire investigation gathered together 


press 


constitutes a summary of the 


in a form in which it was thought to be 
most convenient for other workers in 
the field, and for the many for whom the 
results will have practical application 
The Welding Research Team Wiis 


Continued on page 154 
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FRACTURE BEHAVIOR IN THE NOTCH 


SLOW-BEND TEST 


1 sludy of the effect of weld metal, heat-affected 


zone, and unaffected base plate in the initiation 


and propagation of the crack leading to briltle failure 


BY W. J. MURPHY AND R. D. STOUT 


MILLED NOTCHES 


Introduction 
0.05 


0.01" 
45° 


The longitudinal-bead-weld notch-bend 
test has 
ate the not 
Of the se 
this type 
and 


been extensive! ised to evalu 


h toughness of velded steels 
veral designs for specimens of 
the design proposed by Kingz 


has videl 


The details of 


men as used in the present investigation 


associates 
accepted the test speci 


“ure show iv | 


DEEP 
VERTEX RADIUS 
VERTEX ANGLE 


BEAD WELD 


PLATE 
THICKNESS 


The purpose of the present inve stign 


tion in the broad sense was to study the 


Kinzel type test in order to determine 
hiel 


welded stee! 


factors ¥v govern brittle behavior in 


In parti ular, the problem 


resolved itself into a study of the effect 


Fig. | 


specimen 


heat-affected zone ind 


the 


of weld metal 


unaffected base plate initiation 
and propagation of the crack leading to 
brittle failure in the Kinzel test. Ques 
luded 1) In 


racks initially form? 2 peal 


tions to be answered iv 
what areas do ¢ 
When and where do such « 
critical’ 3) What are the 
of the various in the 
and what is the effect of the 


higher 


( the initia 


ix 


prope rive 


regions velded zon heated zon 
und 
t 


ind 


on crack imuitiation 


1) How ire 


lated to the 


the precedi 
shape 
transition curve? 

that the 

does not 
it has led to the de 
which such 


tained after! 


while 


snswer all ¢ 
nique b 
Previou 


itiation and 
brittle failure in 


propagat or 
the 

test is menger Stout 
ha metrated tha 


appears if 


e 


either prime 
it relativel Smal ingle 


When welded with E6010 electrode nat int 


W. J. Murphy 


R. D. Stout 
Le t 


Details 


ROLLING DIRECTION 


of 


Wis 


metal 


priate 


achiure 


Kinzel-type 


( ind 


found to ip) 
In 


on ontent 


tee|s 
0.25% 
to form mn 

Vol 
that in 

ith 


hamor 


longitudinal-bead-weld notch-bend 


il have observed 
the 


patterns 


of WKinzel 


on 


rature these 


100% 


lor a 


crys 
thin 
the heat 


cept 
| below it 


Experimental Procedure 
Materials 
lor thi 
ASTM 


properties 


investigation 
specications 
are given 
crographs of these 
eived condition are 
2. Test 
the 
ined random pat 


is-received 


were 


diam 
tions 


Specimen Preparation and Testing 
ere cut from the 
rding to the apect 


|. The surface 


| 
4 
— 
steels containing Granjon and Videa 
i no alloys the first « nteresting fracture pe 
in the weld fractured surfaces 
alloy or carb ertain temype 
| was four ecHnen veal 
ol the base telling ippearance 
rket how fibrous sen le su 
ol iffected zone but we 
: factors 1 0.15 ( elded 
$ " ition of the electrodes, fractur nitiated and propa 
iuthors fee gated first in weld metal con 
; investigation ided that the behavior of the welded 
: se questions pecimens wa ntrolled primarily b 
ae ent of a tecl racking of the weld meta Ana ind ten 
ers can be ob Nippes and Savage have imvesti i | e] Phot 
e worl gated the properti of avntheti in the as-re 
ing fracture in produced we eat-aflected-zone struc ure tel in Fig 
: leading t tures using Charpy V-notch impact sper ere ret ed fi 
h slow-bend men The steel used was a 0.16% plates in a dete 
M (rend Grade A-201 ton ancl the tructure tert 
investigated corresponded to the pro tro 
te welded with a heat to AWS 
tee! the structures 
j eating below the lower 
critical temperature developed the poot 
tempt was made to relate these prover 
Mention in - 7 ties to the bel or of welded specimen feat hown in fy, 
j ApRIL 1956 irphy Sfoul | | 


Table |—Chemical Composition and Properties of Steels 
Yield 


pownt 


Elongation, Keduction 


strength, % 
(2 in.) 
24.6 
25.0 
26.3 
45.2 


Tensile 

Thickness 
in 8 Si Vo Ni pat past 

0055 0.033 0.23 045 0.06 ‘ >, 400 91,200 

00365 0.064 0.20 UO 41 0.06 17, 300 93,800 

0.013 0.039 0.08 0 02 04 5, 500 69, 200 

0020 0.024 020 OO 36, 600 59, 400 


im area 


to be welded was ground to remove all 
Welding of the single longitu- 
dinal bead on plate was accomplished 
using 180 amp and 28 are volts for K6010 
and E9010 electrodes and 210 amp and 
22 are volte for E7015 electrodes. 


cept for one series the arc travel was 
held constant at Gipm. If postheating 
was to be done, this followed welding 
immediately 
holding specimens for | hr at 1150° F 
All specimens were held 7 days after 
welding before testing 

for standard V-notch 
Charpy impact tests were taken from 
the plate with the longitudinal axis of 
the specimen parallel to the rolling d!- 
rection, The these speci- 
mens were iocated perpendicular to the 
plate surface, Specimens to be heat 
treated machined approximately 
0.035 in in order to allow for 
oxidation or deearburization of the sur 
After heat treat- 


and wus accomplished by 


Specimens 


notches im 


were 


oversize 


face during heating 


Fig. 2 Photomicrographs of steels in as-received condition; 


x 100 


170-6 


ment these specimens were ground to 
dimensions and then notched. 
weld zone 
spec mets 


standard 

Production of synthetic 
microstructures in Charpy 
was accomplished by heating specimens 
to carefully chosen temperatures and 
then cooling in a medium selected to 
produce a cooling rate approximating 
that developed in the heat-affected zone 
of the Kinzel specimens when welded. 
Heut-treatment were 
chosen for 
metallographic and 
fracture patterns of Kinzel test speci- 
Heating of specimens to 1700° F 
and below was accomplished in molten 
lead baths. ‘Total heating time in lead 
was 2 min. Above 1700° F a high- 
temperature glo-bar furnace with a gas- 
air protective atmosphere was employed 
Total heating time here 


temperatures 
after 
visual 


each steel careful 


analysis of 


Theis, 


for heating. 

Was 3 min 
All specimens were still mineral oil 

quenched after heating. As will be 


picral etch; 


Murphy, Stout Fracture Behavior 


shown later, microstructures produced by 
cooling in this way were similar to those 
developed in the heat-affected zones 
of Kinzel specimens of the various steels 
Since the welding heat input was es- 
sentially constant for all Kinzel speci- 
mens only one cooling rate was needed 

Testing of Kinzel specimens was con- 
ducted with a head travel speed of 2 
ipm. V-notch Charpy specimens were 
tested through the transition range in 
order to obtain the 10 ft-lb transition 
temperature. 

Ilustration of Fracture Patterns 

Careful examination of the fracture 
surfaces of all Kinzel specimens was per- 
formed after testing. Since these frac- 
ture surfaces revealed interesting pat- 
terns of fibrous and crystalline 
ance which were indicative of specimen 
behavior during testing, it was decided 
to record each fracture pattern. Figure 
3 is a photograph of a typical Kinzel 
fracture surface. Areas of 
fibrous and erystalline fracture are 
clearly visible in’ this photograph 
Unfortunately it was difficult to show 
clearly by photographs many of the frac- 
ture patterns and for this reason it was 
decided to use drawings to illustrate 
fracture appearance. 

Figure 4 is a drawing illustrating the 
fracture pattern of Fig. 3. The root of 
the notch is represented by the top 
horizontal line while the 
the weld metal is shown by the 
cireular dashed line. Areas of fibrous 
fracture (ductile behavior) are indi- 
cated by cross-hatching, while 


appear- 


specimen 


fusion line of 


Se 


areas ol 


FIBROUS CRYSTALLINE 


Fig. 3 Photograph of typical Kinzel 
specimen fracture surface 


FiBROUS CRYSTALLINE 


Fig. 4 Drawing illustrating fracture 
pattern of Fig. 3 
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Steel 
% 
A-W2 58S 
A-7 2 
A-201 3 
AT A-201 


UNWELDED 
WELDED 
WELDED POSTHEATED 


% LATERAL CONTRACTION 


-120 -60 -40 


40 60 


TESTING TEMPERATURE, °F 


Fig. 5 Kinzel test transition curves for |-in. A-302 steel 


crystalline fracture (brittle behavior) 
are open. The percentage lateral con- 
traction for each specimen is indicated in 
the corner. Testing temperature is 
noted at the side. It will be noticed 
that the fibrous area in the lower quarter 
of Fig. 3 has been omitted in Fig. 4 
This is done for two reasons First, the 
specimens are considered to have failed 
when the load drops to one-half the 
maximum load. Failure in the lower 
quarter of the specimen is therefore 
usually obtained when separating the 
two halves of the specimen alter the 


actual testing has been completed 


FIBROUS CRYSTALLINE 


Fig. 6 Fracture behavior of Kinzel 
specimens of l-in. A-302 steel, un- 
welded 


AprIL 1956 


Second, mode of failure this 


region will not iffect the percentage 
iteral contraction ind is sometimes a 


result of compressive strain during 


loading 
Results and Discussion—A-302 Steel 
]-In. A-302 Steel 

The transition curves for the l-in 


thick A-302 stee! 
ind postheated are pre 


is-received, as-welded 
ind as welded 
sented in Fig Specimens ere 
elded with E9010 electrodes at 70° | 
Ihe lateral 


taken from these curves 


eontraction transition 


temperatures 


+140 °F 


FiBROUS CRYS TALLINE 


Fig. 7 Fracture behavior of Kinzel 
specimens of | -in. A-302 steel, welded 


Frac lure he hau lor 


VW urph Sloul 


110° welded, 
ind) postheated, 
\s in be seen, welding 
mired the notch toughness of 
transition 
Postheating 
notch toughness 
ns but the notch 
onsiderably below 

Specimens 
7 and S illustrate the varia- 
cture pattern through the 
e for the 
behavior of the 
rie n 
perature rises, a 
sover the width of 
root of the noteh 


three condi- 
I! ture 


6 is straight 


reine in depth with 
Increasing 
ntraction are there 


wrature 


Increasing amounts 
if 

of the welded 

hig. 7 relatively 

reusing temperature 


be desenbed as follows 


eld metal and a por- 
it-uffected gone have 

shear ritth 
iewhere within the heat- 


Iracture wae 


d the remainder of the 


d by « 
Weld metal and most of 


Cavage 


FIBROUS CRYSTALLINE 


Fig. 8 Fracture behavior of Kinzel 
specimens of |-in. A-302 steel, welded 
and postheated 


\7 


o-——_o 
x 
severely 
| | ° the tee! 
temperatu 
x yreatl 
| | f the we 
toughness 
? | that of the 
| hig ifes ¢ 
! ° + tion in f 
x 
o tion 
| unwelded 
forward 
thin shear 
the itive 
shear lip 
nereasitiz ten 
eC values of lateral 
f shear at the nots 
eee The fracture be 
ere i hown it 
comple With 
this behavior ca) 
1. 
ol ft 
failed by 
initiated 
flected 2010 1 
+110" F 
- +70°F 50°F 
06% 04% 
30°F | 
1.0% 0.9% _ 0.6% 
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heat-affected zone have failed by shear 


Brittle fracture was initiated within 
the heat-affected zone 

+120° Same as 110° F. Lateral 
contraction below 1% 

+130° F; Weld metal and most of 


heat-affected zone have failed by shear 
brittle fracture initiated within the 
heat-affected zone Propagation of 
cleavage crack, however, has been pre- 
tougher micro- 
failed by until 
sufficiently re- 


vented by an apparently 
structure which 
the crack had 
sharpened to cause remainder of speci- 
men to fail in a brittle manner. A thin 
ring of crystalline fracture is visible in 
the heat-affected zone. A sharp rise in 
lateral contraction above 1°% 
served 


shear 


heen 


Wis ob- 


+/40° FP; Same as 130° F 
for increased base-metal shear due to 


except 


increased temperature 


The welded and 
shows in Fig. § the following behavior 


50° F: Entire specimen failed by 
cleavage. Point of mitiation of failure 
not possible to detect 

30° F; Slight shear lip visible in 
weld metal. Initiation of brittle frac- 
ture apparently oecurred in weld metal 

10° F: Same as 30° F, 
that the amount of weld metal shear has 


postheated series 


except 


increased 
O° F 


siderably above | 


Lateral contraction rose con- 
", due to shear failure 
over width of specimen and considerably 
below fusion line. Weld metal is 100% 
shenr 

+/O0 and 20° F: Same as 0° F with 
increasing extent of base-metal shear 


The behavior of the as-welded series 
can be summarized as follows: Below 
lateral contraction the heat-affected 
zone failed in shear down to a specific 
point at which cleavage failure was in- 
itiated and propagated through the re- 
mainder of the specimen, Lateral con- 
1°), due to the fact 


traction rose above 


Table 2—-Charpy 10 ft-lb Transition 
Temperatures for Synthetic Heat- 
Affected Zone Structures of A-302 Stee! 


Trans 
fron 
Heat temper 
treal Vicro alure, 
ment structure 


Asreceived Ferrite and pearlite + 10 


1320° Ferrite and pearlite 1 
F Martensite and +140 
ferrite 
2200° F Martensite 
150° PB, Tempered marten 120 
site and ferrite 
heated 
2200° F, Tempered marten 200) 
post- mite 
heated 
172-8 


that the initial crack was 
stopped and failure 
began. Three areas of the heat-affected 


zone thus appear to influence the be- 


cleavage 


by shear once more 


havior of the specimen: (1) the coarse- 


grained region which failed in shear, 


(2) the area which initiated and propa- 
gated cleavage failure, and (3) the area 
which at sufficiently 
stopped propagation of this cleavage 
crack. 

In order to determine microstructur- 
ally the 
heat-affected zone, the fracture surface 


high temperatures 


location of these areas in the 
of a specimen corresponding to the one 
tested at +130° F (Pig 
plated and then sectioned at the center- 


7) was nickel 


Pn 357 292 


Coarse grains 


DPH 339 287 


AyA, 


line of the weld. The resulting sur 
face perpendicular to the fracture sur- 
face was then polished 
allow microexamination of the fracture 
surface profile. Areas of the heat- 
affected zone which had failed by shear 
were characterized by an irregular pro- 
file while areas which had failed by 
cleavage were characterized by 
well-defined facets 
this specimen revealed that the heat- 
affected zone 
three distinct areas: 

1. The region heated above the up 
per transformation temperature 
Was essentially martensitic and which 
failed by shear. 


and etched to 


shar p 
Examination of 


could be divided into 


which 


Subtransformation 


Synthetic structures——heat-treatment temperature indicated 


Fig. 9 Comparison of synthetic structures with actual structures from the heat- 


affected zone of A-302 steel; 
hardness also shown) 


picral etch; 


x 100. (10-kg diamond pyramid 
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40 860 120 160 200 240 2860 320 360 
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Fig. 10 V-notch Charpy transition curves for synthetic heat-affected zone struc- 


tures of A-302 stee! 
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Heat-affected-zone structures 
2200° F 1450° F 1320° F 
/ aS REC'D 
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Microstructures of coarse grains of heat-affected zone of |-and 


'/»-in, thick A-302 Kinzel specimens welded at 6 ipm; picral etch; X 1000 


2. The region heated between the 
lower and upper transformation tem- 
peratures which was mixed martensite 
and ferrite, and which failed by cleay 
age 

3. The region heated to tempera 
tures below transformation which was 
pearlite plus ferrite and which failed by 
shear 

Initiation of cleavage failure occurred 
in the region heated just below the upper 
transformation temperature where 4 
mixture of martensite and ferrite was 
The cleavage crack propa- 
gated through this region but was 


present 


stopped by the apparently tougher re 
gion heated below the lower transforma 
tion temperature 

V-notch Charpy specimens with mi 
crostructures simulating those of the 
above defined heat-affected zone re 
gions were prepared by heating to 2200, 
1450 and 1320° F 
tures and their hardnesses are com 
pared in Fig. 9. V-notch Charpy 


These microstruc- 


transition curves for these microstruc- 


tures and as received material are pre 


06% 


6 IN./MIN. 


Fierous 


Fig. 12 Fracture behavior of ' 


Aprit 1956 


40°F 


70°F 


sented in Fig. 10. Curves for spec 
mens heat treated at 1450 and 2200° | 
and then postheated at 1150° F are 
also presented These results are sum 
marized in Table 2, using the 10 ft-lb 
level as the transition temperature 

It is evident from these data that the 
martensite and ferrite structure which 
Was most susceptible to cleavage failure 
in the Kinzel test exhibited the poorest 
notch toughness in the Charpy V-notch 
impact test. Furthermore, the mar 
tensite structure had notch toughness 
superior to both the unheated base plate 
and the material heated to just below 
the lower transformation temperature 
These results are clearly in agreement 
with observations of the as-welded 
Kinzel specimen fracture patterns in 
Vig. 7 

Postheating at 1150° F substantially 
improved the notch toughness of speci 
mens heat treated at 1450 and 2200° I 
This improvement in notch toughness 
is reflected by an improvement in the 


j 


Kinzel test transition temperature from 


+ 120° F, as-welded, to 10° F welded 
04% 


——- 

Rem | 

12 IN./MIN 


CRYSTALLINE 


y-in, A-302 steel welded at 6 and 12 ipm 


urph Stout racture Behavior 


and postheated. Referring to the frac- 
ture behavior of this series in Fig. 8 it is 
seen that the lateral contraction rose 
above 1° at O° F when the heat-af- 
fected zone was able to shear instead of 
cleave as a result of the improvement in 

to postheating. 
contraction below 


notch toughness due 
The drop in lateral 
1% at 10° F was apparently due to 
the ability of the weld metal to initiate 
cleavage failure. Once initiated, the 
cleavage crack was able to propagate 
through the relatively tough heat-af- 
fected zone These results indicate 
that although postheating produced 
structures in the critical areas of the 
heat-affeeted zone which have notch 
toughness superior to that of the base 
metal a similar improvement in the 
notch toughness of the weld metal may 
The properties of the weld 
metal may, therefore, limit the improve- 
ment in Kinzel test transition tempera- 


not result 


ture due to postheating 


' /¢-In. A-302 Steel 

An interesting supplement to the 
fracture study of the l-in. thick A-302 
steel was provided through examination 
of the fracture behavior of welded Kin- 
zel specimens of thick A-3d02 
soth the in, and I-in, A-302 
plates were rolled from the same heat of 
steel and as Table | indicates their anal- 
vse ive almost identical. Despite 
this sumilarit 
the fracture behavior of the '/»-in. and 
when welded with 
electrodes showed surprising dif- 
ference As has been shown, initiation 
of cleavage failure in |-inch thick speet- 
mens occurred most easily in the A,-A, 
region of the heat-affeeted zone while 
the course grains of the heat-affected 


in analysis, comparison of 


l-in. specimel 


zone failed b hear In the '/e-in 
thick specimens, however, initiation of 
cleavage failure curred most easily in 
the coarse grains of the heat-affected 
Zon VMetallographic examination of 


the heat-affected zone of the welded 

in pecimens revealed that the 
coarse-grained region consisted of pearl- 
ite and ferrite Phis is 
the martensitic structure of the coarse- 
yrained region in the thick apect 
men These microstructures are com- 


in contrast to 


pared in Fig, 11 

The difference in heat-affected zone 
microstructures is explained if it is real- 
ized that the weld zone cooling rates 
vere much faster in the 1-in. thick 
pecimens than in the '/,in. thick 
specimens due to the fact that the heat 
olume of metal in the 
in. specimens was twice that in the 

In order to study fur- 
of heat input in fracture 
thick speeci- 


input per unit 


apecimer 
ther the effect 


behavior i seri ol 


mens were welded with 9010 electrodes 
it a travel speed of 12 ipm instead of the 
tandard peed of © ipm., This re 


duced the heat input by one-half, thus 
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| 


making it comparable to that produced 
in l-in. thick specimens welded at 6 1pm. 
The fracture behavior of the '/:in 
4-402 steel welded at both 6 and 12 ipm 
is shown in Fig, 12. Comparison of 
these two series reveals the following 


1. In the specimens welded at 6 ipm 
the coarse grains of the heat-affected 
zone were responsible for initiation of 
cleavage failure 

2. The specimens welded at 12 ipm 
behaved like those of the l-in. plate in 
Vig. 7 in that at sufficiently high tem- 
peratures the coarse grains failed by 
shear and cleavage was initiated within 
the A,yA, region of the heat-affected 
zone 

4. Despite the difference in fracture 
behavior, the transition temperatures of 
the two series were approximately the 
same; +90° F at 6 ipm and +100° F 
at 12 ipm. The fact that there was 
little difference in transition tempera- 
ture was apparently due to the con- 
trolling influence of the base material. 
For both series of specimens the rise in 
lateral contraction above 1% was due to 
the ability of the base material to pre- 
vent easy propagation of a cleavage 
crack, 


Conclusions—A-302 Steel 
Welding 


toughness of Kinzel specimens of A-302 


decreased the notch 
steel by providing a structure within 
the heat-affected zone which could in- 
itiate cleavage failure more readily than 
can the base material itself. In the 
l-in. A-302 steel welded at 6-ipm and the 
in, A-302 steel welded at 12 ipm, this 
structure consisted of mixed martensite 
and ferrite, which formed when the 
base metal wae heated within the trans- 
formation range. In the '/»in, A-302 
welded at 6 ipm this structure was ferrite 
and pearlite in the coarse grained region 
of the heat-affected zone 

2. The amount of decrease in notch 
toughness due to welding was limited by 
the ability of the base material or a sub- 
critically heated portion of the heat-af- 
fected zone to resist propagation of a 
cleavage crack when sufficiently high 
testing temperatures were reached 

3. Postheating improved the notch 
toughness of welded specimens by in- 
creasing the notch toughness of the 
structure in the Ay-A, region, thus elim- 
inating it as a site for cleavage crack 
Initiation 

1. The extent of improvement in 
noteh toughness due to post-heating 
was apparently limited by the notch 
toughness of the weld metal, since in 
postheated specimens cleavage seemed 
to initiate within the weld metal 
Results and Discussion, A-7 Steel 

The Kinzel test transition curves for 
the A-7 steel unwelded and in three 
welded conditions are shown in Fig. 13 
It is to be noted that two of these curves 
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Fig. 13 Kinzel test transition curves for A-7 steel 


exhibit a pronounced plateau over a 
range of temperatures near the 1° level, 
making it difficult to choose the transi- 
tion temperature with any accuracy 
If, for these curves, the mid-tempera- 
ture of the plateau is chosen as the transi- 
tion temperature, comparative 
tion temperatures are those listed in 
Table 3. It is evident that welding 
severely impaired the notch toughness of 
the A-7 steel. There was little dif- 
ference in notch toughness between 


transi- 


40°F 
0 2% | 
50°F 
0.3% 
50°F 
0.9% 
60°F 
0.8% 


FIBROUS 


Table 3—Kinzel Test Transition 
Temperatures for A-7 Steel 


Transition 


lemnerature 


Condition 
Unwelded — 85 
Welded E6010 +60 
Welded E7015 +60 


Welded E6010 and postheated +45 


TO°F 
90°F 
20% 
4 145°F 
Y BON 
160°F 
‘4 3.1% 
[_] crYSTALLINE 


Fig. 14 Fracture behovior of Kinzel specimens of A-7 steel welded with E6010 


electrodes 
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30°F 
0.2 % 
40°F 
0.2% 
‘4 


hydrogen electrodes and post- 
~~ af a 70°F heating the E6010 series effected only a 
si Li% slight improvement in notch toughness 
— — Fracture bel or of Kinzel speci- 
mer through the transition region, for 
~ et a the three welded series is illustrated in 
80°F 14 throt 6. The fracture pat- 
09% tern of the unwelded series is similar to 
—____—— $$ that of the A-302 steel shown in Fig. 6 
Phe fracture behavior of the welded 
vn in Pig, 14 can be 


and low- 


specamen in- 


iding weld metal failed by cleavage 
Lateral contraction very low. The 
hades 50°F 3 Y 100°F site of brittle fracture initiation not 
08% V// VIIFRS y Oand 60° | Weld metal and heat 
iffected gone failed by cleavage, In- 
FIBROUS ‘a CRYSTALLINE ite eavage crack changed to shear in 
base material producing a ring of fibrous 
Fig. 15 Fracture behavior of Kinzel specimens of A-7 steel welded with E7015 ippearance, Remainder of specimen 
electrodes failed by cleavage when shear crack was 
resharpened as the load on specimen 
built up again Lateral contraction 


50°F 


2.2% 
FUSS 
3 4% | 


electrodes and postheated 


DPH 333 


As-welded 


Fig. 


Apri 


70°F 


40°F 


Weld metal shows slight 
f SOL hear lip. Cleavage initiated either in 
. ‘ | meta r coarse-grained region of 
50°F heat-affeeted zom hibrous rings have 
rrown in breadth causing rise in lateral 
11% | 


[7] venous 
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Fig. 16 Fracture behavior of Kinzel specimens of A-7 steel welded with E6010 


209 


4 


Welded and postheated 


Structure of coarse grains of heat-affected zone 


Structures 


17 Comparison of synthetic structures with actual structures from the heat-affected zone of A-7 steel; 
X 100 (10 Kg diamond pyramid hardness also shown) 


to OY, 


/ Two fil 


vous rings resulted 

her ise plate eased its resistance 

t ‘ we Crack ropagation Lateral 
ontraction rose to 1.5°7) due to second 


metal failed entirely 


Brittle fracture initiated 
60° grail of heateafleeted zone 

1’) iwation we crack limited 

(Jeavage initinted in coarse 
rains of heat-affected zone and propa 
gated throug! eut-affected zone only 
hte whe fibrous 

The fracture behavior of the E7OIS 
ert i ! nin big. 15 was similar to 
that of the E6010 series and will not 
be «le ‘ letail, It is to be 


DPH 327 212 


bat 
Quenched and 


As-quenched 


produced synthetically to match structures at left heat treated 


at 2200 F 


picral etch; 


Vu phy “foul 


raclure Be ha io 175 s 


40°F 
0.5% 
< a 0.7% | 
60°F 
13% 
| 


that the E7015 weld 
metal was somewhat tougher than the 


noted, however, 
E6010, since it was completely fibrous 
at 80° F, while the E6010 weld metal 
did not fail completely by shear until 


temperatures above 90° F were reached. 


The fracture behavior of the series 
welded with E6010 electrodes and then 
postheated is illustrated in Fig. 16 and 
can be described as follows 


40° F 
lip. Cleavage 
itiated in weld metal and remainder of 


Weld metal has slight shear 
failure apparently in- 
specimen failed by cleavage 

50° F; Quantity of weld metal shear 
increased somewhat but cleavage failure 
still initiated by weld metal 

50° F; Cleavage failure initiated by 
weld metal. Thin fibrous ring within 
or just below heat-affected zone formed 
cleavage crack 


when propagation of 


was interrupted. Shear failure in this 
region caused a rise in lateral contrac- 
tion to 

60° Same as above 

60° Weld metal is 100°, fibrous 
Shear failure includes heat-affected zone 
Lateral contraction increased to well 
above 1° 

70°F: Same as 60° F 

The behavior of the two as-welded 
series may be summarized as follows 
Cleavage failure was initiated by either 
weld metal or the coarse-grained region 
of the heat-affected zone. At relatively 
probably 
while at 


low temperatures initiation 
occurred in the weld metal 
higher temperatures the coarse-grained 
region was responsible. It appears 
therefore, that the coarse-grained struc- 
ture of the heat-affected zone was criti- 
cal to the behavior of the specimen since 
it can initiate cleavage failure when the 
Thus 
even if a tougher weld metal were intro- 
duced it is doubtful that much improve- 
ment in the Kinzel test transition tem- 
The rise 


weld metal is unable to do so 


perature would be effeeted 
in lateral contraction to 1°), was a result 
of the ability of the base metal to pre- 
vent the propagation of a cleavage crack 
when sufficiently high temperatures were 
reached and the lateral contraction rose 
above 1°) with increasing amounts of 
base metal shear. Thus in these series 
the transition temperature was con- 
trolled by the properties of the base 
material 

As revealed in Fig 
improved the toughness of the coarse 
grains of the heat-affected zone mark- 
edly. The fact that only a slight im- 
provement in transition temperature re- 
sulted was apparently due to the ability 
of the weld metal to initiate cleavage 
failure at sufficiently low temperatures 
The rise in lateral contraction to and 
when 


16 postheating 


above 1° occurred either 
structure within the heat-affected zone 


could prevent propagation of a weld 


metal initiated cleavage crack or when 
the weld metal failed completely by 
shear and thus did not initiate cleavage 
failure 

Since within the heat-affected zone the 
coarse-grained structure, i.e., the strue- 
ture just below the fusion line of the 
weld metal, was responsible for the in- 
itiation of cleavage failure in the as- 
welded specimens, Charpy V-notch 
specimens with a microstructure simu- 
lating that observed in this region were 
prepared by heating to 2200° F and 
still mineral oil quenching. An addi- 
tional series was postheated after the 
above treatment to produce a structure 
simulating that observed in the welded 
and postheated series. These micro- 
structures together with hardnesses are 
compared in Pig. 17. V-notch Charpy 
transition curves for the synthetic 
structures and for the as-received ma- 
terial are presented in Fig. 18. The 10 
ft-lb transition temperatures from these 


curves are: as-received, +55° 2200° 


F, +180° F; 2200° F, 
— 50° F. 

In Fig. 17 the coarse-grained region of 
the heat-affected zone of the welded 
specimens consists of large grains of 
martensite surrounded by a very fine 
pearlite associated with the prior austen- 


postheated 


ite grain boundaries. Some ferrite is 
also visible at these boundaries. As 
might be expected this structure ex- 
hibited extremely poor notch toughness 
as revealed by synthetic V-notch Charpy 
specimens. The 10 ft-lb transition 
temperature is +180° F and examina- 
tion of the transition curve reveals 
it to be extremely flat with an energy 
absorption of less than 15 ft-lb at 360° F 
despite the fact that at this temperature 
failure is 100% by shear. The poor 
notch toughness of this structure is in 
agreement with the previously discussed 
fracture behavior of as-welded speci- 
mens, since it was shown that the coarse- 
grained region was responsible for the 
initiation of cleavage failure even at 
relatively high temperatures. 
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Fig. 18 V-notch Charpy transition curves for synthetic heat-affected zone struc- 


tures of A-7 steel 
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Fig. 19 Kinzel test transition curves for A-201 steel 
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Postheating of the martensite-pearlite 


coarse-grained structure produced a 
marked change in microstructure as re- 
vealed in Fig. 17. The martensite ts 
tempered, of course, and now consists of 
carbide in a ferrite matrix. However 
the surprising change is the complete 
spheroidization of the pearlite. As 
might be expected this structure had 
a relatively good transition temperature 
ol 50° F as compared to + 180° F for 
the unpostheated specimens. This um 
provement in notch toughness supports 
the observed fracture behavior of welded 
and postheated Kinzel specimens in Fig 
16 where it was seen that at the test 
temperatures employed this structure 
could not initiate cleavage failure 
Apparently 
was capable of propagating a 
crack initiated by the weld meta! 


however, this structure 


leny nee 


Conclusions—A-7 Steel 
| Welding notch 
toughness of Kinzel specimens of the A-7 


decreased the 


steel by providing a structure within 
the heat-affected zone which could in 
itiate cleavage more readily than the 
In this steel this 
structure consisted of mixed martensite 
ferrite This 


was in the coarse-grained region of the 


base material itself 
and pearlite with some 


heat-affected zone 

2. The amount of decrease in notch 
toughness due to welding was limited by 
the abilit 
vent cleavage crack propagation above a 
temperature of 60 F. Thus the welded 
transition temperature was controlled 


of the base material to pre 


by the base material 
3 Welding with E6010 and M7015 
low-hydrogen electrodes produced no 


difference in transition temperature 
and essentially no difference in fracture 
behavior Fracture behavior did, how- 
ever. reveal that the E7015 weld metal 
was somewhat tougher than the E6010 
weld metal 

Postheating 


improvement in note h toughness The 


produced slight 


improvement was due to an increase in 
notch toughness of the coarse grains of 
the heat-affected zone, 1.e 


responsible for initiation of cleavage in 


the structure 


unpostheated specimens 

d The fact that the improvement 
due to po theating was only slight Vis 
apparently a result of the ability of the 
weld metal to initiate cleavage in these 
specimens. In other words, postheating 
did not improve the properties of the 
weld metal as much as those of the heat 
affected zone and therefore the weld 
metal limited the effectiveness of post 


heating 


Results and Discussion— 
A-201 Steel 

Kinzel test transition curves for the 
A-201 steel unwelded and in two welded 
conditions are presented in Fig. 19 
The 1° lateral contraction transition 
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Fig. 20 Fracture behavior of Kinzel 
specimens of A-201 steel welded with 
E6010 electrodes 


62% 


temperatures taken from those curves 
ire tabulated in Table 4 

As can be seen, welding severely im 
paired the notch toughness of the A-20] 
steel with a ri of the transition tem 
perature from 120° F unwelded to 
+20° F as-welded. The transition 
velded with E6010 
ind £7015 electrodes are almost identi 
cal at +20° | 

Fracture behavior of 


curves | specimen 


Kinzel test 
specimens through the transition range 
is illustrated 


22 Fracture be 


for the two velded series 
in Figs. 20 throug! 
havior of the unwelded specimens 1s 
similar to that pre 
the A-302 steel 
The fracture behavior of the E6010 
Hlustrated in Fig. 20 


Ousty des« ribed for 


is-welded serv 


n be described as follow 
in 


10° F entire specimen, including 
veld metal, failed by cleavage 
+/0° Slight shear lip visible in 


weld metal 


Remainder of specimen 
Lateral contraction 
yO to 0.60, 


due to partial shear failure of 


failed by cleavage 
rose from 0.39, at 
parently 
veld metal 

+ 20° F; Slight shear lip in weld 
metal et ye crack which was in 
itiated 
coarse grains of the heat-affected zone 


either the weld metal or 
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Fig. 21 Fracture behavior of Kinzel 
specimens of A-201 steel welded with 
E7015 electrodes 
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Table 4—Kinzel Test Transition 
Temperatures for A-201 Steel 


Transition 
le m perature, 
120) 
Welded 6010 


Welded E7015 


<= 
- 50°F 50°F 
0.3% 02% 
+ 10°F + 10°F 
06% 07% 
= 
+ 20°F +20°F 
07% 
= 
+ 20°F +20°F 
22% 
40°F 
va ehanged 
‘i vithin the 
ontinued 
niti 
fibrouw ritip 
lected) 
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Synthetic structures heat-treatment temperature indicated 


Fig. 22 Comparison of synthetic structures with actual structures from the heat- 
affected zone of A-201 steel; picral etch; X 100 (10-kg diamond pyramid hard- 


ness also shown) 


heat-affected zone had initiated cleavage 
failure. Onee initiated, however, the 
cleavage crack propagated to a struc- 
ture within the heat-affected zone where 
it was changed to shear Iixtensive 
shearmy then occurred in the base metal 
of the specimen. This caused a marked 
rise in lateral contraction 

+40° F: Same as +30° F, 
for increased base metal shear 

+ 50° F 
men, including heat-affected zone failed 


except 
(Not shown) Entire spect 


by shear 


The fracture behavior of specimens 
welded with E7015 electrodes is shown 
in Fig. 21 and can be deseribed as 
follows 
10° Same as specimen 
F 

+ 20° 
served previously it was difficult to de- 


Same as MO6OLO specimen 
Weld metal appeared to be 


shear. However, as was ob- 
termine whether or not cleavage did oc- 
cur in the weld metal near the fusion 
line. The site of initiation of the cleay 
age failure was therefore in doubt and 
could possibly have been in the weld 
metal, or in the coarse grains of the 
heat-affected zone. Cleavage, once in- 
itiated, propagated through entire speci- 
men 

+20° F 
metal failed completely by shear. The 


In this specimen the weld 


shear crack grew through the heat-af- 
fected zone and over the width of the 
specimen until well within the base 
failure began 


plate where cleavage 


178-8 


The lateral contraction rose from 0.70 
in the previous specimen to 2.207, in this 
specimen 
+30° F 
creasing base metal shear 
+40° F: Same as +30° F 


Same as +20 with in- 


Although the transition temperatures 
of the A-201 steel welded with 6010 
and E7015 electrodes were identical at 
+ 20° F, a comparison of Figs. 20 and 21 
reveals a difference in their fracture be- 
haviors. In Fig. 20 it is seen that the 
6010 weld zone can initiate a cleavage 
crack up to +40° F but that at tempera- 
tures of +20° F or above both the base 
material and an area within the heat 
affected zone can prevent easy propaga- 
tion of this crack. In Fig. 21, the 


E7015 weld zone can initiate cleavage 
only up to +20° F which is coincidently 
the temperature at which the base ma- 
terial will not propagate a cleavage 
crack readily. Thus the 
temperature of both series was controlled 
by the ability of the base plate or fine 
grained heated zone to interrupt cleay- 
age cracks initiated in the weld zone. 


transition 


It could not be established from the 
examination of fracture surfaces whether 
the weld metal or coarse grains of the 
heat-affected zone were responsible fo: 
the initiation of cleavage failure in 
either series of welded specimens 

The fibrous ring caused by shearing 
within the heat-affected zone for the 
£6010 specimens is shown clearly in the 
+20° F specimens in Fig. 20. The 
position of this ring was detérmined by 
nickel plating the fracture surface of a 
specimen containing this ring, sectioning 
it at the weld centerline, and examining 
the fracture profile metallographically 
This examination revealed that the 
initial cleavage crack was stopped by the 
region heated only slightly above the 
upper transformation temperature dur- 
ing welding and which, therefore, pos 
Clea, 
age was once again initiated when the 
shear crack, after propagating through 
this refined structure entered the stru: 
ture formed due to heating just below 


sessed a refined microstructure 


the upper transformation temperature 
V-notch Charpy specimens with struc 
tures simulating those of three zones, the 
coarse grained region, the refined struc- 
ture and the A,y-A; structure, were pre 
pared by heating to 2200, 1700 and 
1500° F, respectively, and then stil! 
mineral oil quenching. In Fig. 22 the 
synthetically produced structures are 
compared with the appropriate weld 
heat-affected zone structures. V-notch 
Charpy impact curves for these struc- 
tures are presented in Fig. 23. The 10 
ft-lb transition temperatures from these 
curves are presented in Table 5 

These data confirm the above ob- 
servations concerning the origin of the 
fibrous ring in the heat-affected zone of 
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Fig. 23 V-notch Charpy transition curves for synthetic hect-affected zone struc- 


tures of A-201 steel 
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specimens welded with E6010 electrode 
and tested at +20 I The refined 
structure in which shearing occurred 
was definitely tougher than the strue- 
tures on either side of it which at +20 
In addition Table 


5 shows that the coarse ground region of 


F failed by cleavage 


the heat-affected zone has notch tough- 
ness equal to that of the base plate 
This should be true at least for the E7015 
series in which the effect of hydrogen 
is minimized. Thus it appears reason- 
able to assign to the weld metal tenta- 
tive responsibility for initiating clea, 
age failure 


Conclusions—A-201 Steel 

1. Welding decreased the notch 
toughness of Kinzel’s specimens of the 
4-201 steel by producing a structure in 
the weld zone which could initiate 
cleavage more readily than the base 
material itself It has been tentatively 
established that the weld metal was re 
sponsible for the initiation of cleavage 
failure in these specimens 

2. The amount of decrease in notch 
toughness due to welding was limited by 
the ability of the base material to in- 
terrupt a cleavage crack initiated in the 
weld zone. Thus the transition tem 
perature was controlled by the base ma- 
terial 

3 A tough structure within the heat 
affected zone also contributed to the 
effect noted in (2) above. Thus the re 
fined region of the heat-affected zone 
was able, at sufficiently high testing 
temperatures, to stop a cleavage crack 
initiated above it 


General Discussion 

Although only three steels have been 
included in this investigation, it is be- 
lieved that the general conclusions con 
cerning fracture behavior are applicable 
to other steels and that a te: hnique has 
been developed which can be used to 
explain the effeet of welding on Kinzel 
specimen behavior. This technique i 
based on two of the basic concepts of 
brittle fracture 1) initiation of clea 
age failure, and (2) propagation of 
cleavage failure 

The ductility transition temperature 
of a steel as determined by unwelded 
Kinzel SPecITNens LS ited prim irily 
with the ease or difficulty with which a 


clea age crack can be initiated in that 


steel and not with the cleavage crack 
propagating properties ol the steel 
That this is true is apparent when two 
experimental observations are con 
sidered. First, in unwelded specimens 
when a leavage crack 18 initiated at 
relativel low values of deflection, it 
always propagates throughout essen 


tially the entire specimen; 1.e., propaga 
tion of the crack is not prevented by the 
hase material. As a matter of fact this 
is true at even higher temperatures when 
the cleavage crack is initiated by struc 
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Table 5—Charpy 10 Ft-Lb. Transition 
Temperatures for Synthetic Heat- 
Affected Zone Structures of A-201 Steel 


Structire / } 
(‘oarse grains 221") i 5 
Refined grains 1700 
As-received 


tures other than that base material, 
e.g., the heat-affected zone due to weld 
ing Second, in pecimMens which are 
tested at the ductility transition tem 
perature (about 1°), lateral contraction 
there is almost a complete absence of a 
shear lip at the sides indicating that 
propagation | en even where the 
complexity of the stress svstem is re 
duced. It is convenient to call the 
transition temperature at 1°) lateral 
contraction for unwelded specimens 7' 
i.e., the temperature at which initiation 
of cleavage occur relatively easily in 
the base material 

The welding of a Kinzel specimen 
often introduce into that pecimen a 
material or structure which can initiate 
cleavage failure more readily than the 
base material itself If a cleavage 
crack is initiated by the weld zone, as 
the temperature of testing is raised a 


temp rature can he re whed uch that 
thi crack will no longer propagats 


easily through the base material \t 
thi temperature is has been observed 
thin rings of fibrous appearance will be 
cle eloped in the base material and the 


measured late contraction will rise 


abrupth \ testing temperature 1 
raised further, the cleavage crack will 
encounter increasing resistance to prop 
wation the umount of base metal 


hear will increase, and the lateral con 


traction will rise further. usual! well 
It onvement to define 


i the i? temperature ihove which a 


enavage ra | prop. ite 
but is interrupted in the base material 
thus resulting i rive of lateral con 
traction to 1% Both 7, and TT, are 
roperti ol the ise material as cle 


termined by the Kinzel test under stand 


id testing conditior Changing an 
of the test eondcdition uch as rate of 
oading notel eometr ete mat 
hange the position of 7, or 7, on the 
temperature ale 


In the Kinzel test become the 


t po bie temperature to wl ch 


the 1% laters ontraction transition 
temperature noses i result of weld 
ne Keven the r} velding produces 4 
ture whiel nitiate cleavage 


e above 7. the lateral contraction 
rise to 1% at T, For any one 


tee] therefore the welded transition 


temperature must be between 7, and 
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7T,, both temperatures being properties 
of the base material itself. When the 
welded transition temperature falls be- 
tween 7; and 7 ts location depends 
primarily upon the notch toughness of 
the heat-affeeted zone and weld metal 
It will be the highest temperature at 
in initiate cleav- 
we failure in the Kinzel test. This 
haracterist temperature of the weld 


zone will be designated Ty The notch 
touwhme of the eld metal and the 

irious heat-affeeted zone regions de- 
pend iltimate of course, upon the 
welding conditiot the electrode type 
ind nd the composition 
ind response to welding of the base ma 
terial Thus the eld gone controls 


the transition temperature of welded 
Kinzel specimens by determining the 
temperature 7',. between and 7’, at 
which brittle failure ean be initiated 
If 7 is greater than 7',, then T', will be 
the transition temperature of the test 

In a few case the influence of the 
weld zone on the transition temperature 
has been found to be altered by an addi- 
tional factor If, by the heat of weld 
ing, a structure is produced in the heat 
iffected zone which can prevent propa- 


ye crack initiated in a 


ration ol a cl i 


trueture above it, then shearing within 
this region may raise the lateral con 


This mechanimm 18 


not common, but in occur when a 
britth region is enveloped 
by a tougher fine-grained region 
The foregoing discussion tay be 
and perhap clarified with 
the id of the schematic diagrams in 
24 wi how the effect of a 
inet ol welding conditions on the 
transition temperature of any one stee! 
In these diagrame the ymbols are de- 
fined 
ure at which cleavage 
ied ensily unwelded 
pecimer Defined here at 
itera! contraction 


perature at which the 
¢ in prevent 
prop on of a cleavage crack 
thus raise the lateral con 
on to 
te perature at which 
in the weld zone can 


nitiale cleavage tailure 


In Fig. 24 the horizontal axis repre 
ents the temperature seale, The heavy 
indicat here the 1% lateral 
ontraction transition temperature 18 
ited Figure represents the 


tuation for unwelded Kinzel Bpecinens 


of any one ste Here the transition 
temperature determined by 
since T, and 7 ive properties of the 
nateri their position on the 
temperature remam constant 
for welded pecimer Figure 248 
represents the tuation when the above 
tae welded under a part ular set of 
velding condition The transition 


determined by T'ya. 
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Transition 
| 
| 
| 


COMOITION (Cc) 
POSTHEATED 


nature 


Fig. 24 Schematic diagram showing 

the factors which control the Kinzel test 

transition temperature 


If the welding conditions are made more 
severe so that 7',, rises above 7',, then, 
as Fig, 24C shows, the transition tem- 
perature is determined by 7',. An addi- 
tional increase in 7',, due to still more 
severe welding conditions will not af- 
fect the transition temperature. Figure 
24D) shows how postheating reduces 
Te, thus lowering the transition tem- 
perature. Here the assumption is made 
that postheating does not change 7’, ot 
T, appreciably. This is, of course, not 
true for all steels, since postheating has 
been found to improve the toughness of 
some steels and to embrittle others 
Additional variations of the diagrams 
in Fig. 24 are possible. The important 
thing, however, is the fact that two 
factors must be considered in attempting 
to understand how welding influences 
the Kinzel test transition temperature. 
These two factors are 


1. The tendency of the weld zone to 
initiate cleavage failure 

2. The ability of the base material to 
prevent propagation of cleay- 
age failure 


D'O 


book has been published, 


20°) discount from the list price. 
WELDING RESEARCH COUNCIL. 
Welding Society, 33 West 39th Street, New York 18, N. Y. 


It should be noted that under some con- 
ditions the properties of the base ma- 
terial itself may be all important in de- 
termining the welded transition tem- 
perature. This fact is important since 
it may explain, among other things, the 
beneficial effect of prenormalizing on 
welded transition temperature. Per- 
haps prenormalizing is beneficial mainly 
imparts notch 
toughness to the base-plate material 
The influence of the base material may 


because it increased 


also have to be considered when at- 
tempting to study the effect of other 
variables on weldability. For example, 
the beneficial effects of preheating may 
not be evident if the welded transition 
temperature is being controlled by the 
base material instead of the weld zone 

It has been stated that the tempera- 
ture 7’, is that temperature at which 
the base material can interrupt a run- 
ning cleavage crack originating in the 
weld zone. The drop-weight test used 
at the Naval Research Laboratory em- 
ploys a brittle weld deposit to induce a 
cleavage crack at the inception of plastic 
deformation of the  testpiece 
the transition temperature of the drop- 
weight test is taken as that minimum 
temperature at which the plate can re- 


Since 


sist cleavage failure from the crack of the 
weld, it appears that the 7’, defined here 
for the Kinzel test should be a measure 
of the same characteristics of the plate 
as the nil-ductility transition tempera- 
ture of the drop weight test. The dif- 
ferences that may exist between these 
transition temperatures as a result of 
unlike testing conditions between the 
two test methods will be determined 
quantitatively by work now under way 


General Conclusions 

1. The examination and analysis of 
fracture patterns on Kinzel test speci- 
mens is a Valuable method of determin- 
ing the influence of weld metal, heat- 
affected zone and base material on the 
welded transition temperature 

2. Welding 
toughness of Kinzel specimens by pro- 


decreased the notch 


Weldability of Steels 


Copies of the monograph entitled “WELDABILITY OF STEELS” by Robert D. Stout and 


RESEARCH COUNCIL to prepare this book, are still available for distribution. 
consists of 381 pages, handsomely bound and copiously illustrated. 
The list price is $6.50 
Welding Society are such that Members of the Council and the American Welding Society receive a 
The distribution of four or more copies will be handled by the 
Less than four copies may be ordered from the American 


viding a structure either in the weld 
metal or in the heat-affected zone which 
was able to initiate cleavage failure 
more readily than the base material 
itself 

3. The loss in toughness due to 
welding can be limited by the properties 
of the base material itself. Thus the 
hase material can control the welded 
transition temperatures by interrupting 
the propagation of a cleavage crack 
initiated by the weld zone 

4. When postheating improved the 
notch toughness of welded specimens, it 
did so by increasing the notch toughness 
of the structures responsible for cleavage 
crack initiation thus reducing the tem- 
perature at which they became effective 
The improvement in notch toughness 
due to postheating may be limited by 
the degree of improvement that the 
weld metal undergoes when postheated 

5. The heat-affected zone may also 
influence the welded transition tempera- 
ture if there is present in this zone a 
fine tough structure which is capable of 
interrupting a cleavage crack initiated 
above it before this crack can enter the 
hbase material, 
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THE ARC WELDING OF 2.25% CR-1.0% MO 
ALLOY STEEL PIPE 


Investigation shows the ertent to which thermal 


lrealtments are required in order to 


oblain satisfactory properties in welded pipe 


BY JAY BLAND 


ABSTRACT bg are welding of 2.25% Introduction The Pipe Fabrication Institute’ re- 
295% ras 10% Mo and The low chromium-molybdenum steels ommends 250° PF minimum preheat 
05% Mo low-hydrogen electrodes, has ire) becoming increasingly important temperature before tack welding, and a 
been investigated _ n the steam power industry and in pro 10 to 700" FF preheat and interpass 
\ — - ee found to ess equipment for the petroleum refin temperature or a partial stress relief at 
exist betweer mrdness and ductilit ind 
between hardness and tensile strength, for ing industry Previous papers by the 1200° F minimum for hr or more, if 
heat-treated 2.25% Cr-10% Mo allo vuthor have summarized the various welding is interrupted, Postheat treat- 
steel pipe material and for 2.25% C1 consideratior hich have le o the ment of [400 to 1400 I for | hr pet 
: 0% Mo alloy weld deposits. On these use of these allo teels Particular ref in. OF thickme but not less than | hr, 
ases the properties ‘ ous zones in | 
Le he | pert of the various zones i erence was made to the resistance to ( recommended b the Institute 
the welds have been more realisticall j 
evaluated, Longitudinal bend tests have graphitization and to high-temperature The new AWS Standard for Interrup 
provided confirming evidence for weld hydrogen embrittlement phenomena, ex tion of Heat Treatment® states that the 
metal and heat-affected zone duetilities hibited by the low chromium molvl hent ny na nalely interrupted 
: which are not apparent from results of the denum steel for the 2.259% Cr- 1.0% Mo pipe in wall 
usual reduced section tensile tests of butt ti} | Ts led 
welded specimens There is relatively little information i. ANG DLOW 
The results of this investigation madi on the weldabilit characteristics of velded under controlled procedures 
cate that a minimum postheat treatment of 25% Cr-1.0% Moalloy steel. Manu using low-hydrogen electrodes It is 
D5 for one ree ‘ ‘ 
1250° F for one hour ts required in order to noted, in this connection, that the weld 
develop satisfactor ductility of the 2.20% lacturer s Hterature recommends | } 
. - . deposit pri to int 
1.0% Mo allov weld deposit atin velding procedure involving a preheat prio nterruption 
‘ factory static ind impact ph ah il proper temperature of a minimum of 300 P for never be te than one-third the wall 
ties are obtained for unrestrained weld : , thickne or two layers, whichever is 
ia : material under */, in. thickness: heavier 
i made in 2.25% Cr-1.0 Mo alloy steel vreates 
pipe using | 25% ('y 0.5% Mo low-hy ections or assemble welded under re 
drogen electrodes, welded without preheat traint should be preheated up to 400 The investigation reported herein is 
: or postheat treatment, The as-welded F or highet This procedure also rec part of a continuing program which is 
c | ommends a postheat treatment at 1350 ntended to evaluate the properties of 
to be I’, noting that the material should be eldments made using low-hydrogen al 
For welding under conditions ofr heated immediately after the weld has oy electrodes on low and intermediate 
straint and in the absence of data reflecting been made and before it has cooled be chromium-molybdenum alloy steels, As 
thet ow the minimum preheating t mpers indicated in the previou papers, one of 
nominal preheat of 400 be used in order ture The tentative rules for velding the maior a pects of this work is to de 
to minimize the possibility of cracking of : . ; Si 
root passes ferritic alloy steel piping in marine con termine the extent to whieh thermal 
truction red hb the AMERICAN treatments are required in order to ob 
WELDING Socrery,* recommend a mini tain satisfactory properties of the weld 
Jay Bland is Head, Metals Section, Engineering mum preheat for material undet ee 
Ressares De ent, Standard O Ind n. in thiekne of 300° F, a preliminas It was noted in a previous paper? that 
To be | t t AWS IK M postheat treatment at 1350° F and a the usual studies of the weldability 
be enente 1956 Spring Meeting is 
Buffalo, N. Y.. May 7-1) stress-relef treatment at 1350° | charactertsty of low-alloy steels had 


Table 1—Chemical Composition of Deposited Weld Metals and Alloy Pipe Material 


Electrode iWS (onering Chemical composition, © Vominal 

designation tla ( Vn Pe Vo Vo 
Code A Low-hydrogen sodiun 007 0 74 O14 24 40 2 j 
Code BS Low-hydrogen sodium O8 0 48 0 020 0 O15 0.15 2.32 1 07 
Code ¢ h0016-B3 Low-hydrogen potassium 010 O52 O026 OO 0 47 24 1 2'/4 
Code D Low-hydrogen potassium 0.10 O53 OO17 00389 O44 2143 1 
Code | Low-hydrogen sodium 067 0 O18 022 0 46 1 14 0 70 
Pipe material A3455-5271 Gir, P22 0 13 0.37 0 O18 ) 22) 1 2'/¢ 
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a lack of correlation between 
measurements of the 
affected zones and the 
butt-weld tensile 
This lack of 
correlation was emphasized in particular 
when electrodes depositing high-strength 


weld metals 


indicated 
survey hardness 
welds and heat 
ductility exhibited by 


and bend-test specimens 


were used, since deforma- 
tion in these specimens under load was 
forced to take place preferentially in the 
lower strength parent metal 

The 
the 


investigation included 
the duetility- 
hardness relationships for a 1.25% C1 
0.5% Mo steel 
ike encompassing those found in the 
unaffected heat-affected 
the when welded 
under various preheat and postheat con- 
also the ductility-hardness 
relationships for weld 


previous 


determination — of 
heat treated to hardness 
severul and 
zones of material 
ditions, and 
similar alloy 
metals deposited under similar condi- 
The ductility- 
hardness relationships for the evaluation 
of the weiiability characteristics of the 
1.25% Cr-0.5% Mo 
manded a similar approach in this study 
of the weldability of 2.25%, Cr- 1.0% 
Mo alloy steel pipe 

In the test that follaws, the designa- 
tion “I'/, Cr Mo” will be used for the 
0.5% Moalloy and “2'/, Cr 
the 2.25% Cr 
as a matter of conven, 
HAZ’ 
and illustrations re- 
in the 


tions usefulness of the 


alloy de- 


1.25% C1 
Mo” 
1.0% 


will be used for 
Mo alloy, 
The abbreviation 
some of the tables 
fers to the “heat-affected zones’’ 
metal 


used in 


base 


Experimental Procedure 

Side-bend, notched-bend, hardness- 
metallographic and Charpy V-noteh 
lnipact specimens were prepared from 
full thickness multipass butt welds made 
between 6-in, long sections of 2'/4 CrMo 

pipe.  Longitudinal-bend 
were prepared full 
longitudinal-butt 


alloy steel 


specimens from 
thickness 


welds made between S-in. long quarter 


multipass 


sections of the pipe. The weld joints 
were 60° included angle single vees 
with a '/y to '/yein. root face and to 


! root opening. No backing rings 


were erployed in order to duplicate, as 


ein 


closely 
of refinery piping fabrication. 


procedures typical 
The vari- 
de- 


as possible, 


welding conditions used are 


ous 
scribed in several tables included here- 
All welds were made 
horizontal 


after with results 
in the flat 
rolled) and welding currents in the range 
recommended by the manufacturer for 
the particular electrode brand were used 

The determination of the duetility- 
hardness relationships for the 2'/,CrMo 


position (pipe 


alloy steel pipe was made from over- 
sized button-head 0.505-in. diam tensile 
which machined from 
5.5-in. long sections of the and 
given the thermal treatments indicated 


The heat treatments were 


Spec were 


pipe 


in Table 2. 
designed to cover the range of hardness 


182-8 


levels found in the heat-affected zones of 


weldments welded under various pre- 
heat and postheat conditions After 
heat treatment the specimens were 


machined or ground to final dimensions 

and tested to failure in an hydraulic 

testing machine 
Test plates for all-weld-metal speci- 


mens were made in accordance with 


AWS specifications using the brands of 


Table 
heat conditions used are included in 
Table 3. Two button-head 0.505-in 
diam specimens were machined from the 


The various preheat and post- 


weld metal of each test plate and tested 
to failure in the hydraulic 
chine. 

After testing, the button-heads of al! 
tensile specimens were cut off and used 


testing 


for hardness measurements and metallo- 


low-hvdrogen alloy electrodes given in graphic examinations. 

Table 2—Physical Properties of Heat-Treated 2'/, CrMo Steel Pipe 
Speci Hard- Yield Ultimate Elonga- Reduction 
men Thermal ness, atrength, strength, tion, % of area 

No. treatment Bhn* part pat in 2in b// 

1 Asreceived 132 5, 500 67,000 38.5 72.0 
2 300° F--1 be 130 33,000 67,000 38.5 72.0 
hr 130 32,000 65,500 39.0 72.0 
1 1350° F--1 hr 132 4,500 68,000 38.0 71.0 
§ 300° F, 1350° F-—1 ly 130 39,500 65,500 38.0 72.0 
6 Normalized —1700° 279 81,250 131,750 19.0 MS 
7 700° F, 371 140,000 187,000 16.5 57 0 
1700° F, 1050° F 348 149,000 167,000 Ik 5 63.5 
1700° F, HO, 1050° he 34S 148,000 165,250 18.0 64.5 
10 1700° F. HO, 1050° F he 340 143,000 155,000 16.0 66.5 
1) 1700° F, HO, 1200° he 250 105,000 117,750 22.0 72 5 
12 1700° F, HO, 1200° F 1 be 250 104,750 117,250 23.0 74.0 
13 1700° F, HO, 1200° 4 he 230 04,26) 107,750 23.5 76.0 
14 1700° F, HO, 1550° I he 220 76,750 91,000 22.5 79.0 
15 1700° F, H,0, 1350° F he 200 72,000 387,250 26.0 77.5 
16 F, HO, 1350° F--4 hr 178 65,000 81,500 20.5 77.5 
17 Normalized -1900° F 286 96,500 142,750 19.5 58.5 
1000° 371 136,506 184,500 15.5 
19 1900° PF, HO, 1050° F hr 344 147,000 164,000 20 0 65.0 
20 1900° F, H,O, 1050° F he 344 147,500 164,000 18.5 66.0 
2) 1900° F, HO, 1050° he 336 141,750 153,250 16.5 65.5 
22 1900° F, H,O, 1200° F he 264 108,750 122,500 21.0 72.5 
23 1900° F, H,O, 1200° he 250 105,000 119,500 22.5 73.5 
24 1900° F, H,O, 1200° F--4 he 234 93,250 107,570 23.0 78.5 
25 1900° H,O, 1350° F-—'/, hr $230 80,250 94,500 22.0 77.0 
26 1900° F, H,O, 1350° F--1 hr 213 75,500 89,750 24.0 77.5 
27 F, H,O, 1350° F—4 br 180 67,000 84,250 285 79.0 


* Converted from Rockwell hardness me: 
+ 0.2% permanent set 


isurements 


Table 3—-Physical Properties of Deposited Weld Metal and Alloy Pipe Materia! 


Hard 

Weld Preheat, Poatheat, ness, 
metal lt °F Bhn* 
Code A None None 275 
S00 None 

SOO None 205 

None 150 205 

SOO 1350 200 

Code B None None 271 
400 None 245 

SOO None 237 

None 1350 18S 

S00 1350 195 

Code C None None 258 
300 1350 202 

Code D None None 286 
None 222 

S00 1350 210 

Code bk None None 210 
300 1300 178 

Pipe None None 132 
300 1350 130 


Yield Ultimate Elonga- Reduction 
strength, atrength, tion, % of area 
part psi in 2 in, 
107,750 131,000 0 31.5 
92,000 118,000 5 34.5 
119,750 15.5 25.0 
79,000 03,750 22.0 590 
74,700 91,850 22.5 53.5 
110,500 125 ,000 26.0 
101,250 120,500 17.5 
92,250 116,250 17.0 52.0 
73,000 86, 000 24.0 66.0 
74,000 87,000 23.0 66.0 
107,750 127 ,725 05 14.5 
76,500 OL, 250 25.0 63.5 
121,250 133,750 6.0 13.0 
87,500 08,750 0 55.0 
80, 500 94,000 23.5 
82, 500 95,000 23.5 62.0 
64,750 80 SOO 26.5 680 
33, 500 67,000 385 72.0 
39, 500 65,500 38.0 72.0 


* Converted from Rockwell hardness measurements, 


1 0.2% permanent set, 
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Fig. | Effect of temperature and time of tempering on hardness of 2! , 


CrMo steel, water quenched from 1700” F and from 1900 F 
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i 
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Fig. 2 Effect of tem- 
‘ perature and time of 
tempering on ductility of 
2'/, CrMo steel, water 
o ' 2 3 4 quenched from 1700 
TIME AT TEMPERATURE (hours) F and from 1900° F 
An additional series of welds was made pipe, 5-in. nominal schedule 160, con 
in the 2'/, CrMo pipe using |! » CrMo forming to the requirements of ASTM 
alloy electrodes: these are described in Specifications A335-52T, Grade P22 
Part B The chemical composition of this allo 
Al) specimens were tested at room is included in Table | 
temperature, except where otherwise The welding electrodes used were de- 
noted signed to ce posit we ld metals wit! 


nominal compo tor of | , ¢ rMo and 

Materials 21/,CrMo. The chemi 
The material employed for this inves- of the weld metal deposits also are listed 
tigation was nominal 2'/, CrMo steel in Table 1 All of the electrodes em- 


COM positions 
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were of the low } drogen type, 


Part A—2'/, CrMo Welds in 
2'/, CrMo Pipe 


Results 
lleat-T reated (rMo Steel Pipe 
lhe results of harcdmne measurements 
tensile test heat-treated 2'/, 
tor material are presented 
e2and lig land 2. Plots of 
tl t ted that a definite cor 
‘ ted between hardness and 
tilit ( gation) as well as be- 
een hardne ind tensile strength re 
the type ol metallurgical 
tructure for 2' , CrMo steel Compu- 
tation of the mits of precision of the 


on tor trength ultimate 


strength elor ition ind reduetion of 
iveéa as tunctior f brinell hardness, at 
O5°), significance level, and within the 


nge of 371 Bhn (water quens hed from 

to 17S Bho water-quenched 

from 1700° | snd tempered 4 1350° 
] gave the following equations 
d strength, psi 10.00 Bhn 


vith, | 0.35 Bho 
10,850) pret (2) 


elongation 15.55 0.0558 Bhn 
(3) 

Reduction of area Os 0.1050 
t8.74%) (4) 


The above equations cover the range of 
hardnesses found in the heat-affected 
zones of welds made with or without 
preheat o1 posthent 

lleat-Treated 2 (rMo Weld Metal, 
Results of hardne measurements and 
tensile tests of 2'', CrMo weld metals 
made ious preheating and post- 
heating ondition une presented in 
able 3 As with the base metal, the 
data when plotted indicated that a defi 
nite correlation existed between hard- 
nes ind duetilit elongation) as well 
is between hardne ind tensile strength 
Computation of the limits of precision 
of the regression for yield strength, ult 
mate strength, elongation and reduc 
irea as functions of Brinell hard 
re it 95% whificance level, and 
vithin the range of 286 Bhn (as-de- 
posited) to ISS Bhn (1350° F postheat) 
gave the following equations 
Yield strength, pei 14.2 hn 

14.4) 12,440 pom (fh) 


Ultimate etrength, pe 0.1 Bho 
14,472 ( 8,545 pe (t)) 
bWiongation in 2 in 1.1604 
( &4.455% (7) 
/ Kieduction of are lt, 0) 527 


Bhn (+17.30% 


The results of tensile tests of all weld- 
metal specimen lable 3, indicate that 
the i property ol posthent- 
treated eld deposits made with the 
four brands of 2'/, CrMo electrodes es- 


ential we comparabic \ high tem- 


1583-8 


ployed 
| 
= 
| 
= 
| 
30 
| 


Table 4—Bend Tests of Welds in 2'/, CrMo Steel Pipe 


Longitudinal bend* Side bend 
Thermal treatment Bend Elonga- Bend Pasa 
We lding Specimen Preheat Poatheat, angle, tion, angle, or 
electrode > deg 70% Kemarks deg fail§ Remarks 
Code A - None None Ist) 180 : Unfused root ] 
None 180) 20: 180) OK 
None 180) 180 OK 
None 1300 180) 180 : Unfused root 1 
100 180 Root tear 
None Ist) ISO) d Unfused root —1 
None (ine failed at 90 ISO) Tear at toe of weld 
None 180 OK 
300) 1400 180) 20: 180) : OK 
None None 180 Unfused root 1 
100 180) ‘ 180) Unfused root 
None None ! One failed at 65° OK 
1400 One failed at 95° 180) Root tear 
spec. 90 bend 
None None Is) OK 180 1 unfused root 
SOO None 180) OK 180) : 2 unfused roots 
None Ist) OW 
5-15 1400 tear in toe of weld 


* Averages of duplicate specimens 

| Postheat treatment for | hr at temperature 

blongation in outer fiber, % in 2 in 

§ Cracks or tears longer than '/, in, constitute failure 


ABB 4012 
Code A electrode welds Code B electrode welds Code D and Code C electrode welds 


Fig. 3 Longitudinal bend specimens after testing. See Table 4 for code identifications and corresponding thermal treatments 


Code A electrode welds Code B electrode welds Code D and Code C electrode welds 


Fig. 4 Side bend specimens after testing. See Table 4 for code identifications and corresponding thermal treatments. 
(Each group of three specimens obtained from a single pipe weld) 
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perature postheat treatment appears to 


Table 5—€ffect of Preheat and Postheat on Hardness-Ductility of 2'/, CrMo Steel 
Pipe Welds 


be required in order to provide ade 


quate tensile ductility of the weld 


metal Thermal treatment ‘ hardne Ductilityt 
No tensile tests of reduced-section Preheat Postheat Weld HAZ§ Pipe Weld HAZS§ 
butt-welded 2'/, CrMo pipe specimens Weld metal PF Ft Ang tog i ing 7 
were made, in view of the noted dif Code A None None 2°35 245 144 142 2 4 
ference in tensile strength between the s00 None 235 213 130 14.2 247 
weld metals and the pipe base metal HOw None 23 210 135 15 8 24.8 
Such specimens obviously would fail Nome 210 hbo 25.8 24.8 
in the base metal even if abnormally 1300 200) 25 4 244 
large defects were present in the weld Code B None None 
S00 None 245 216 12.3 245 
I 5OO None 240 222 135 3.5 24.2 
None 1300 18 2) 27.1 25 4 
Bend Tests of Flat Position Butt Welds % ; = 
300 1300 100) 208 135 25.0 24.4 
Longitudinal bend tests were made Code C None None 20) 245 147 11 1 22.4 
for each of the four brands of »CrMo son 1300 210 20 4 25 4 
electrodes with various conditions of Code D None None 270 200 144 61 22 6 
preheat and postheat treatments. The 1500) 210 125 20 9 261 
results of the longitudinal bend tests Code I None None 222 2) 14 21.6 23 8 
Table 4, and Fig. 3, indicate that the Non 
None 220 20 144 21.0 22 7 
2'/, CrMo weld metal, even in the as 
Nome 72 137 ox 0 26.5 
welded condition, has remarkably good 0M) 1300 178 175 137 97 2 2% 8 


ductility xcept for one specimen 
(Code D electrode; D-0-)) all of the a 
welded specimens bent 180° with about 


* Converted from Rockwell hardness values 
t Klongation, % in 2 in. Data calculated from eqs 3 and 7, (42.9% for base metal 


elongation in the outer fibers 

lle mE ; ind +4.4% for weld metal Data for 1'/¢ CrMo weld metal caleulated from equations 
Specimens of Code B electrode welds in ref. 2(+2.0% 

made USINE HOO” k preheat with no t Postheat treatment for 1 hr at te mper ature 


postheat, failed to pass the longitudinal! § HAZ heat-affected zone 
bend test No attempt was made to de 


termine the reason for this result 


other specimens made using lower or no condition compared with those not post 4 electrode is typical of the four 
preheat and/or postheat treatments heat treated brands of 2'/, CrMo electrodes, In all 
passed the longitudinal bend test without of these tables the ductility values have 


difficulty Evaluation of Preheat and Postheat 
Treatments by Hardness Measurements 
Side Bend Test Results The effects of preheat and postheat 


heen calculated from the equations of 


correlation previously determined for 


the 2'), CrMo alloy pipe material and 


The results of side bend tests of spe treatments on the hardness and du ; ; —~ ‘eee 
mens cut from butt welds in the 2'), tility of welds in 2'/,07 CrMo steel are veld metals (eqs 3 and 7). The effect of 
CrMo pipe also are listed in Table 4 shown in Table 5. Table 6 shows the temperature of postheat treatment ts 
and the appearance ol the test speci effects of time and temperature of post hown in Big. 5 
mens is shown in Fig. 4. In general, the heat treatments on the hardness and Phe result ndicate that postheat 
various electrode welds exhibited sat ductility of rious specimens welded treatment of the 2'/, CrMo weld metals 
factory side bend test results in the a with and without preheat, for the Cock it 1050° F for time up to 16 hr, or at 


welded condition as well as in the various 


preheat and/or postheat-treated condi 350 ~ 
tions 
Most of the failures in the side bend | 
tests particularly for the Code D ele« 

trode weld, were due to tears which ini 
300 } 


tiated at unfused root In only one in 


Hour Treatment 
(oll curves) 


stance (center specimen in B-5-0 group | 


a 
Fig. 4) did « tear develop at the toe of ¢ | “al 
the face of the weld 

i 5 

It mav be noted that. because of the = 250 —_s 
higher hardness and strength of the weld 4 
metal, most of the elongation and bend s td 
ing in the side bend test takes place in @ ‘ ~ 
the base metal. The specimens, Fig. 4 Z 200] a 
exhibit. at the sides of the weld ce posit + | ‘ 
the localization of the deformation in the x 
base metal The effect of the hig! 
temperature postheat treatment to 150 } @ Hardness Affected Zone 
reduce the hardness and strength of the | Code Weld Mote 

Code’ Weid Met 

weld metal where ippreciable defor 
mation of the weld then can take place aiaftal eines Fig. 5 Effect of post- 
This deformation of the softer postheat Lyi l ri L F heat treatment on hard- 
treated weld metal ma cccount, in part RT 100 1200 1300 1400 ness of 2' ‘4 CrMo weld 
for the greater frequency of root teat deposits and base metal 
in the side bend test specimens in that TEMPERATURE OF POSTHEAT (°F) heat-affected zone 
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Table 6—Effect of Time and Temperature on Hardness-Ductility of Welds Made in 2' /, CrMo Steel Pipe Using Various Electrodes 


Thermal treatment Brinell hardnesa* Ductilityt 
Klectrode reheat Poatheat Weld Pipe Weld H 
hrand Hours avg avg avg avg avg 
Code A None An-welded 235 245 14 
1050 276 
276 
276 
1150 255 
265 
245 
216 
120) 216 


~ 


& NNN 


1350 


As-welded 
1050 


1150 


== 


3 
8 
7 
3 
3 


1250 


1350 


Code k None As-welded 
1150 


oc 


12%) 


As- welded 
1150 


1250 


As welded 
1150 


* Converted from Rockwell hardness values 
t Blongation, % in 2 in. Data calculated from eqs 3 and 7, (42.0% for parent metal and +4.4% for weld metal.) Data for 1'/, 


CrMo weld metal calculated from equations in ref. 2, (42.0%, ) 
t HAZ = heat-affected sone 
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2 200) Is80 130 23 ) 
i 200 176 135 23 7 
200 100 135 23 
200 176 135 23 
2 1 180 135 25 26.5 
400 235 213 139 14.0 24.7 
265 2455 139 7 
265 235 139 7 
2h5 245 135 
255 245 135 9 
245 210 135 12 
; 235 210 130 14 
216 200 130 19 
' 1250 210 180 130 20 ‘ 
200 180 130 23 
200 1900 135 23 
1350 1/, 190 176 130 25 
l 100 ISO 135 25 
i 2 180) 169 135 2 ! 
HOO As-welded 231 210 135 
1150 ! 255 235 135 { 23.4 : 
2 245 235 135 I: 23.4 
1 245 216 130 I 24.5 
228 200 135 25.4 
210 210 135 20.9 24.8 
2 210 200 130 20.9 25.4 
1 100 169 130 25.9 27.1 5 
190 180 135 25.9 26.5 
2 176 135 26.7 
"/s 216 238 136 22 23.3 
: ! 228 231 138 20 23.7 
2 207 220 138 23 24.3 
4 200 200 137 24 25.4 
. 207 207 141 23 25.2 
108 108 141 25.1 
2 185 185 137 25 26.3 
300 213 234 143 22 23.5 
216 220 i37 22 24.3 
i I 224 243 137 21 23.0 
2 207 210 136 23 24.9 
207 204 136 23 25.2 
204 207 141 23.9 25.1 
108 185 138 24.6 26.3 
2 148 ISS 136 25.9 26.1 
220 250 143 21.9 2 6 
221 234 138 21.9 
aa I 216 238 140 22.4 $3 
2 210 192 136 23.1 
210 137 24.6 H 
1250) 200 195 138 244 4 
2 180 192 137 26.9 
186-6 


Code A Metal 
@ No Preheat, No Postheot 


O 300°F Prenect, (300°F Postheat 
ode Weld Metal 
@ No Premeot No Postheot 


SO0°F Preheot~ (S00*F Posthect 


ENERGY ABSORBED (ft/ibs) 
ENERGY ABSORBED (ft/lb) 


em 
- 100 +100 +200 +100 +200 
TEMPERATURE OF TEST (°F) TEMPERATURE OF TEST (°F) 
Fig. 6 Transition temperature curves for Code A weld Fig. 7 Transition temperature curves for Code D weld 
metal deposited under various preheat and postheat metal in the no preheat, no postheat and 300° F preheat, 


conditions 1300° F postheat conditions 


1150° F for times up to 2 hr, produces for preheat of these alloy welds appears 1300° I postheat treatments were 


an undesirable increase in hardness and to be reasonable, d indicate no consistent effect on 


corresponding decrease in ductility Evaluation of Preheat and Postheat notch bend properties attributable to 
The base metal heat-affected zone | Treatments by Notch Bend Tests 
fected adversely though ont slig 1\ Notch bend 


pecimens were prepared ises, the base metal 
by these treatments pec" base from butt welds made using the fou it-afl zone absorbed energies 
actually is softened somewhat by lene brands of 2'/, CrMo electrodes, and on mum load and after maximum 


treatments or exceeded that 


from the base metal. Information on 
Initial significant reductions in hard the preheat and postheat treatment mort he base metal, The due- 
ness from the as-welded condition re used. and data obtained from the notch I iffected zone as evi 
quire postheat treatments for a mini hend tests are presented in Table 7 HO TICE deflection after maximum load 
mum of about S hrat 1150° F or about | The re | ndicate that all of the is gt ll imetances than that of 
hr at 1250° F. It would appear, there weld metals and the base metal heat 
fore, that a minimum temperature of iffected zone ould tain maximum rte vend test results indicate 
1250° F should be specified for post loads greater than , for the base ! itments are not re- 
heat treatments of 2',CrMo alloy \ metal itself, regardles vhether or not ired in order to obtain satisfactory 
ments, based on the criterion of hard preheat and/or po theat treatment propel af th base metal heat-af 
ness reduction (and improved ductility vere used. Furthermore, although de fected sone , er, a postheat treat 


It may be noted also that pre heat flections at maximum load were Jess, the ment at 1250° F or over ia necessary for 

treatments at temperatures up to 500 \ metals and heat-affected zones in the 2'/, CrMo weld metals 

} produce both in the eld metal and thy is-welded or preheated condition 

in the heat-affected zone i lower hard absorbed more energy to maximum load vi — 


ness when postheated it O50 and 1150 than did the base metal except for the Transition temperature curves were 
When postheat temperatures ol (‘ode D electrode weld. as-welded determined for the four weld metals, the 
F or over are used, the final hard The absence of measurable deflection oT metal and the heat-affected zone 
onditions of preheat and 


nesses of all zones in the weld appear to or energ sorption after maxunum 


he about the same regardless of any pre load immed) “ fracture of the specunen po ! l i The impact en 
heat treatment it maxim Ont This condition of rey oe gether with welding condi 
nted in Table & Rep 


tion temperature 


Based on the criterion of hardness and noteh brittlene undesi 
the requirement of a 1250° F minimum le in view ¢ , ( varning 
postheat treatment temperature t ‘ | recede catastrophic fail é din Pigs. 6 and 7 
would appear that preheat treatment | dvantage of the lin Fig. for the 
is unnecessary for 2'/, CrMo alloy ste« | ‘ ipacity of the as ; metal 
welds However, it is recognized that j pr kd metals is off } ‘ eheat up to HOO? F in 
preheat of significant Value vhere ‘ brittlene disad ‘ Live mpact energ’ ab 
weldments are made under conditior ntayge | ane therefore d On nperature of the 2'/, 

straint No data | e been «ce [™ nt of the weld metal at , ‘ eta ind also decreases 

vet relative he amount of is ously determined neition temperature 

preheat required for sj ic restrain r required rehen Owe not as effective as 
in the absence of such information the lor tr two brands of electrode | i it! j met to incrense if 


use of a 300° F minimum te mperature ch no preheat ind 300° pre I bin and to lower- 
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| 
on } 
j 
80 80) 
70 70} 
60} 
50} 
4 
30} a 
| 
20 20} Py 


ing of the transition temperature 

The impact properties of the as-de- 
posited 2'/, CrMo weld metals are de- 
finitely inferior to both the 2'/, CrMo 
base metal and the base metal heat- 
affected zone. Postheat treatment for | 
hr at 1300° F improves the impact prop- 
erties of all zones of the welds; how- 
ever, the improved properties of the 
we'd metals are still inferior even to the 
impact properties of the as-welded heat- 
affected zones 

The impact properties of the Code A 
electrode deposit appears to be superior 
to those of the other three brands of 
2'/, CrMo alloy steel weld metals 


Part B—1'/, CrMo Welds in 
2'/, CrMo Pipe 


Results 


Tensile Teat Results, The data in 


Table 3 indicate that the room tempera- 
ture yield and tensile strengths of the 
I'/, CrMo weld deposit are higher than 
those of the 2'/, CrMo alloy pipe. The 
as-welded ductility of the 1'/, CrMo 
weld metal is comparable to that of the 
heat-treated 2'/, CrMo weld metal 
Although both of these ductilities are 
lower than that of the pipe material, 
they are considered to be entirely satis- 
factory and adequate 

Table 9 and Fig. 9 show some short- 
time evaluated temperature tensile prop- 
erties of the alloy pipe and the two 
CrMo weld deposits. It will be noted 
that the short-time elevated tempera- 
ture tensile strengths of both weld de- 
posits exceed those of the 2'/, CrMo al- 
loy pipe throughout the range of tem- 
perature cited. Although no data for 
the yield strengths of the base metal 


were available, it is reasonable to as- 
sume that these would also be lower than 
those of either weld deposit. The duc- 
tilities of the weld metals at the ele- 
vated temperatures of test are lowe: 
than those of the pipe; however, the 
former are considered to be entirely 
satisfactory and adequate. 

No tensile tests of reduced section 
specimens of butt welds of 2'/, CrMo 
pipe using 1'/, CrMo electrodes were 
made, in view of the noted differences in 
tensile strength between the weld meta! 
and the base metal pipe. As previ 
ously indicated, such specimens obvi- 
ously would fail in the base metal even 
if abnormally large defects were present 
in the weld deposits. 


Bend Test Results 


The results of longitudinal and side 


Table 7—Notch Bend Tests of Welds in 2'/, CrMo Steel Pipe” 


Thermal treatment 
Klectrode Preheat, Postheat, 
brand °F ° Ft 
None None 
400 None 
None 
None 1300 
1300 
None None 
None 
None 
None 100 
100 
None None 
300 None 
None 
None 1300 
None None 
S00 None 
None 
None 100 
100 
None None 
300) None 
None 
None 100 
400 100 
None None 
100 
None None 
400 
None None 
100 
None None 
1300 
None None 
S00 None 
None 
None 100 
None None 
None 
None 
None 100 
400 


Base metal 


Code A 


Code B 


Code C 


Code D 


Bend Var 
Notch angle, load, 
location} deg lb 

Base d 2400 
Base ( 2400 
Base 2420 
Base 2400 
Buse { 2420 
Weld ‘ 1150 
Weld : 3940 
Weld 4! 30900 
Weld 7 2020 
Weld { 2060 
HAZ 3000 
HAZ ‘ 3000 
HAZ f 3500 
HAZ : 2700 
HAZ 2660 
Weld 
Weld 8050 
Weld 46 3900 
Weld { 4110 
Weld f 2080 
HAZ ( 2040 
HAZ ( 3390 
HAZ S010 
HAZ 2800 
HAZ 2830 
Weld 1370 
Weld 2020 
HAZ 3160 
HAZ : 2880 
Weld * 3060 
Weld f 3200 
HAZ 3060 
HAZ : 2840 
Weld§ 2720 
Weld 2005 
Weld 2550 
Weld : 2195 
Weld 21600 
i \Z 2685 
HAZ 2650 
i \Z 2405 
HAZ 
HAZ 2285 


Deflection 
1/ max 
load, in. 


Ene rgy 
To mar After maz 
load, ft-lb load, ft-lb 
120! 65 
120 73 
122 63 
118 1s 
122 85 
159 0 
127 0 
128 0) 
82 
79 
108 
179 
107 
147: 
123! 
0 
0 
83.5 


d rmar 
load, in 


Ne D> 
ww 


~ 


1 
7 
6 


hw 


uN 


S 


* Averages of duplicate specimens 


t Postheat treatment for | hr at temperature 
t HAZ refers to base metal heat-affected zone 


§ Single specimen 


ISS-s 
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Op 0.36 
ol 0.39 
om 0 36 
ofl 0.29 
52 
0.54 0 
0 46 0 
0.48 0 
0 40 0.75 
050 0 72 
0 43 1.33 
0 52 1 20 ; 
0 69 103 
0 54 1 O8 
0. 00 075 
0 49 0 
0 49 0 
0 48 0 
0 50 0% 
0 41 1.00 WO 7 O14 
0 51 0) 90 3 
0.55 ) 87 134.4 167.5 
0 51 0 90 106.3 47 
0 61 0 81 125 0 130 6 1 
0.65 0.76 133.7 139.0 
0 66 0 196 0 : 
0.35 0.33 73 11 6 
0.43 1.28 104 151 5 
0 62 114 12) 175.0 
0.38 0 104 | 0 
0.45 0.04 10.5 
0. 42 1.32 91.9 197.4 
0 66 1.07 114.5 182.5 
( 0 80 0.20 153 0 23.6 
0.69 0.44 126.7 2.3 ; 
0.69 0.49 118.8 
0.95 113 151 8 119.8 
006 1 05 145.5 7 
0 80 1 24 1541 1181 
0 96 0.95 176. 6 149 8 
oO 1 14 163 6 166 0 
0 a1 103 133.9 142 6 
0.93 1 133.7 158.0 
ee 


made in the 2! 
Mo ele trodes 
Photographs ol 


bend tests of welds 
CrMo pipe, using 1! 
are shown in Table 4 
the bends after tests are shown in Fig 
10 for the longitudinal bend specimens 
and in Fig. 11 for the side bend speci 
mens 

All of the bend test specimens bent 
180 
failure 
preheat and 


in the guided bent test jig without 
of whether or not 
or postheat was used In 
the group of side bend specimens, one in 
ind two in the 


regard less 


the as-welded condition 


300° F preheat-no postheat condition 
exhibited lack of penetration at the root 
due to an excessively wide root face at 
these loc ations However even with 
the notch effect at the root, no cracks 
were propagated through the weld 
metal, thus demonstrating further the 


, rMo weld meta! 
in the as-welded condition 


toughness of the 1! 


The comparison results for the 2! 
CrMo weld in similar alloy pipe also 
indicate satisfactory bend properties 


for all conditions of thermal treatment 
It will be noted, in Fig. 11, that a con- 
siderable part of the deformation takes 
place in the base metal and heat-affected 
zone, at 
necking-down 


tion is observed most! 


local 


This 


in the specimens 


Which location 


is shown condi 
without postheat treatment and is due 
to the difference 


between the high-strength weld metal 


primaril In properties 


and the lower-strength base meta! 
However, the extent of this localization 
of deformation ts less for these specimen 
than that previous! found for 2! 
CrMo welds in the same alloy pipe (see 
Fig. 4) in view of the even higher 


strength of this alloy weld metal! deposit 
Evaluation of Thermal Treatments by 
Hardness Measurements 
The effects of preheat 
treatments on the hardness 


ind postheat 
ind duetilit 


of 1'/, CrMo welds in 2'/, CrMo pips 
are shown in Table 5 Comparison 
data for 2'/, CrMo welds are ineluded 


Table 6 shows the effect 
of time and te mperature on the hardness 


in this table 


and ductility of various specimens of 
CrMo welds in 2 CrMo pipe 


In 


welded with and without preheat 

both of these tables the ductility val 
have been caleulated from the equation 
of correlation previously determined for 


the alloy materials 


The results indicate that although 
postheat treatments soften the variou 
zones of the weld adequate ductilities 
are exhibited by the 1'/, CrMo weld in 
2'/, CrMo pipe in the no preheat-no 
postheat condition Thi is not true 
of 2'/, CrMo welds, which previous! 
were found to require a 1250° F mini 


mum temperature postheat in order to 


obtain at jeast 20° ductility of the veld 
metal. In both cases, however, the heat 
affected zone duetilitic ippear to be 


adequate in the no preheat no postheat 
condition 


1956 


Table 8—impact Properties of Welds in 2 


Thermal treatment Ene 
Electrode Preheat Postheat 
ole } Ft / 
(Code A None None 22 
None 27 
S00) None 20 4 
None 100 24 
1300 
Code B None None 
Nome 
YOO None 21 
None 100 
100 
Code ¢ None None 14 
Code D None None i } 
Hl 
Code None None 
100) None 
None 
Base metal None None is 0) 
1) 
Heat-affectec Nome Nome 120) lo 


; CrMo Steel Pipe* 


ranges 


te mp 


energy 
/ ft-lb 

312 7 
22 
20) 
22 + 
20 6 
22 + 
| 
‘1 25 + 7 
14 70% § 
M+ 4 
14 222 5 
24 20 + I 
15 | 
26 4 
lo ih 7 
20 
12 12 
6 125 + 14 
168 + 18 
200 + 40 
1th Ww 


duplicate or triplicate 


he 


Averages o 


Postheat tre 


trent for uf 


Cinetis 


rature 


Table 9—Short-Time Elevated Temperature Tensile Properties 
Deposits and Steel Pipe 


of Low-Alloy Weld 


Temp hlonga heeduction 
of teat lion, % of area, 
Valeria ondition / j wn 
Code A (\s-welded * 107 SO) 000 {2 
deposit rel,* Mt) 1700 | 
rel ¢ O00 70.000 20 
Str. rel.@ On 500 61.700 24 Os 
Str. 1O50 17,500 5,700 2h 74 
Code \s-welded * 000) 23.6 
leposit st rel.*, § ‘ OO) 26 Os 
\ lded ik K2 
Pipe Am ed 5.000 70.000 
Annealed 1150 200 
* Data from Table 3 
| Data interpolated from information in Babcock & Wileox ¢ Pech, ull. OF 
0.297, inent set 
§ Postheat treatment for 1 br at 1300° | 
Postheat t tment for | hr at 1450° J 
© Postheat treatment for | hr at 1250° | 
It will be noted that postheat treat ured for »CrMo welds in 2'/,CrMo 
ments of at least 2 hr at 1I50° F of pipe, regardle hether or not post 
hr at 1250° F ar required in order to heat treatment ippled However 
produce n nt reductions in the t recognized that preheat is of signifi- 
hardness of the 1'/, CrMo weld metal or int iline here weldments are made 
the 2'/, CrMo base metal heat-affected under midit of restraint, partic- 
Zone Therefore, the usual 1 hr at ul theat treating is done 
1150° F postheat treatment would result No data e bes lerived as yet rela 
in relativel ttle change, except insofar tive to the int of preheat required 
as certain restraint stresses might be for eos traint in the absence 
reduced ni it i, the use of a 
Phe hardness-ductility results indicate num temperature for preheat of re 
ilso that preheat treatment is not re trained | CrMo welds in 2'/, CrMo 
Bland /loy-Steel Pipe 
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Fig. 8 Transition temperature curves for 2'/, CrMo base metal as- 
received and after heat treatment 


alloy pipe appears to be reasonable 
Evaluation of Thermal Treatments by 
Notch-Bend Tests 

The data in Table 7 indieate that in 
the no preheat-no postheat or preheat-no 
CrMo weld 
could 


postheat conditions, the 1! 
amd heat-affected 
maximum greater than 
those for the Postheat 
treatment reduces the strength of these 


metal zone 


sustain lomds 
base metal 


zones, 80 that somewhat lower maximum 


loads, compared with the base metal, can 
The 
the 2! 


accounted for by ite 


be sustained, higher maximum 
» CrMo weld 


greater 


loads sustained by 
can be 
strength compared with the I'/, CrMo 
weld The deflections of the 
notch bend specimens under loading are 
indications of ductility, and for the 1'/, 
CrMo_ weld heat-affected zone 
these values are equal or superior to 
Of particular 


metal, 


and 


those for the base metal 


Table 10—-Stress-Rupture Properties of Low-Alloy Weld Deposit and Steel Pipe* 


Tent 


le 
Condition 


Material 
‘4 CrMo 
weld deposit 


welded 
Postheatedt 


2'/, CrMo Annealed 


atee] pipe 


Reduction 


ol area, 


longa 
t 


Time to 

Load, tion, 
pst 

20,000 27 45 

16,000 

20,000 45 

16,000 
20, 000 
16,000 


rupture, 


* Data from Babeock & Wileox Co 
t Postheat treatment for Lt hr at 1150 
significant reductions in hardness 


100-8 


This postheat treatment is in idenquate lor 


Bland Alloy-Steel Pipe 


significance is the fact that the 2',, 
CrMo weld exhibits zero deflection after 
maximum load, in the no postheat con- 
dition, whereas the 1'/, CrMo deposit 
shows appreciable deflection. 

Similarly, the energy absorbed values 
for the 1'/, CrMo weld are 
general, to those of the 2'/, CrMo weld 
especially after maximum load has been 
applied. The measura! le 
deflection or energy after 
maximum load indicates fracture of the 
specimen at maximum load. As noted 
previously, this note! 
brittleness is undesirable in view of the 
lack of any warning which might pre- 
cede catastrophic failures. The energies 
absorbed after maximum load for the 
1'/, CrMo weld, in the no postheat con- 
dition, are lower than those for the base 
metal or heat-affected zone; however 
the indicate significant 
toughness, especially compared with 
the 2'/, CrMo weld in a similar condi- 
tion. 

The results for the heat-affected zone 
of 1'/,CrMo welds indicate that therma! 
treatments are not required in order to 
satisfactory properties. This 
conclusion also was reached previous! 
for the heat-affected zone of 2',, CrMo 
welds; however, in this case the weld 
metal requires postheat in 
develop adequate ductility. 
sults are not unexpected, since for com- 
inputs (jpi based on 
eurrent 


superior in 


absence of 


absorbed 


condition of 


values some 


obtain 


order to 
These re- 


parable energy 
average are voltage, 
and speed in ipm) the base 
affected zone will respond similarly for 
either electrode. However, it must be 
noted that, of the three 
the heat-affected zone will exhibit the 
widest variation in test results. This is 
due to the difficulty in locating the noteh 
in the same metallurgical structure of 
different This structure 
varies considerably across the width of 
the heat-affected zone the un 
affected base metal to the fusion zone 
at the weld metal. 
Impact Test Results 

The results of impact tests of 1! 
CrMo welds in 2'/, CrMo 
shown in Table S and Fig. 12 
parison data for 2'/, CrMo weld metal 


average 
metal heat- 


zones tested 


specimens. 


from 


pipe are 


Com 


and base metal are included in Table S 

The room temperature energy absorp 
tion of the 1'/, CrMo weld metal, in the 
no postheat condition is comparable 
to that of postheat-treated 2'/, CrMo 
weld metal; both are considerably lowe: 
than that for the metal, The 
transition temperatures for the , 


CrMo weld metal, based either on 15 ft 


base 


lb energy absorption level or maxi 
mum energy absorption level, are of the 
same order of magnitude as those for 
the metal. The tem 
peratures for the 2', CrMo weld meta! 


base transition 


also are comparable, but only when post 
heat treatment has been applied 
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Data for the i pact properties ol 


these mater sat elevated temperatures 
have been plotted as shown in Fig. 13 
It will be ted that the | CrMo 
weld metal has somewhat superior 

pact properties over the inge ol tem 


peratures shown compared with those for 
the 2 r\lo weld deposit, both being 
in the as-welded condition The base 


| the heat-affected 


properties are 


metal an zone inpact 


superior to those of either 


weld metal; however, the tlues for the 


welds are not unacceptab! low 


Stress-Rupture Properties 
Table 10 limited data 
obtained from the Babcock and Wilcox 
Co. for | CrMo weld 
for 2'/, CrMo pipe 
included here for the 


shows Sore 
ind 
These data are 
of dis 


ke posits 


Purpose 
cussion 

It will be noted that at 1100 I, the 
time-to-rupture of 1'/, CrMo deposits 
as-welded, exceeds that for the 2'/4 Cr 
Mo pipe, at the 20,000 psi load. Af 
16,000 psi load, the 2'/, CrMo pipe re 
quires time-to-rupture than the 
1'/, CrMo deposit; however the differ 
not as 


more 


ence proportionately great as 
at 20,000 psi In the of addi- 
tional data, it is not known whether the 


ibsene 


trend shown by the lower load would 
continue at still lower loads However 
it is apparent that the | CrMo 


as-welded condition 


the 
good stre 


deposit, in 


exhibits fairly ss-rupture prop 


erties. Thus, it would be expected 
that sudden overloads of 1'/, CrMo 
welds in 2'/, CyMo pipe, in the no 
postheat condition, would not result 


in sudden catastrophic ruptures or 


failures 


Discussion 

The calculated ductility values for the 
2'/, CrMo and 1'/, CrMo weld deposits 
and the 2! 4 ( rMo heat-affected zone 
based on hardness-ductility correlations 


previously reported, have recognized 
lumitations for interpretation It has 
been noted previously? that the heat 
ing and cooling rates, as well as time 
at temperature, for the base metal 
heat-affected zone are different from 
those used to determine the hardness 
ductility correlations, and that the 
resultant metallurgical structures are 


dissimilar However, the cooling rates 
of the heat-affected 


mediate between alr 


zone are inter 


cooling (normal- 


izing) and water-quenching, as were used 


for the hardness-ductility relationships 
so that these extremes should encom 
pass cooling rates experienced in these 
zones. The ductilities of the alloy 
weld deposits probably are more correct 
than for the 2'/, CrMo heat-affected 


zone as the former were correlated from 
similarly-treated weld deposits 

In any e ed that the 
estimate of both weld metal and heat 
affected the 


hardness-ductility correlations, prov Wes 


vent, it 1s belu 


zone ductilities, based on 


Arrint 1956 


ELONGATION (%in 2in.) 


Fig. 9 Short-time elevated temperature tensile properties of low-alloy weld 
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, CrMo pipe after testing. 
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Photograph of longitudinal bend specimens of | 


corresponding thermal treatments. 
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See Table 4 for code identifications and 
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a more reasonable basis for evaluation 
of weldment properties than would be 
the results 
section tensile specimen tests 
nonuniform straining of high-strength 
weld metal and of lower strength base 


obtamed from reduced- 


where 


metal has been observed 

The results of tests reported herein 
indicate that a postheat treatment for 
at least | hr (per in. of thickness) at 
1250° F is necessary in order to obtain 
required duetility of the 2'/, CrMo 
weld metals. The as-welded ductility of 
the 2'/, CrMo alloy steel pipe heat- 
affected zone is adequate, and postheat 
treatment for the purpose of compen- 
sating for the increase in hardness of the 
base metal resulting from the welding 
operation — is Preheat 
treatment may be of value in the case of 


unwarranted 
highly restrained joints; in the absence 
of data relative to the effect of restraint, 
a preheat temperature of 300° F is 
recommended 

It should be emphasized that weld- 
ments made using 2'/, CrMo alloy elec- 
trodes should not be postheat treated in 
the temperature range of 1050 to 1150 
F, in view of the embrittlement (loss of 
ductility) which is produced by this 
treatment, 

The results of tests also indicate that 
the as-welded properties of 1'/4 CrMo 
welds in 2'/, CrMo alloy pipe, tested at 
room and at lower temperatures, are 
satisfactory and adequate. The data 
included herein for the elevated tem- 
perature short-time tensile tests and 
stress-rupture tests indicate that these 
CrMo weld metal, 
in the as-welded condition, are equal or 


properties of the 1! 


superior to those of the 2'/, CrMo alloy 


pipe. Similar data for the impact 


properties at elevated temperatures in- 
dicate that those of the 1’), CrMo weld 
metal are superior to those of the 2'/, 
CrMo weld metal, both being in the 
as-welded condition. Both of these 
alloy weld deposits have elevated tem- 
perature impact properties which are 
inferior to those of the 2',, CrMo alloy 
pipe; however, the impact values are not 
unacceptably low 

Low-alloy CrMo pipes are used for 
several reasons. These include resist- 
ance to graphitization and to elevated- 
temperature hydrogen embrittlement, 
adequate strengths at operating tem- 
peratures and pressures, and some meas- 
ure of resistance to corrosion and scaling 
Both the 1'/, CrMo and 2'/, CrMo 
alloys have adequate resistance to 
graphitization, and within the normally 
expected maximums of temperatures and 
hydrogen pressures for refinery processes 
the 1'/, CrMo alloy would be adequate 
(up to 1000 psi partial pressure of 
hydrogen at 1150° F, according to G. A. 
Nelson's data). 

The strength properties of the I'/, 
CrMo weld metal exceed those of the 
2'/, CrMo pipe, and it is reasonable to 
assume that the elevated temperature 
creep properties of 1'/, CrMo weld 
metal would be equal, if not superior 
to those of the 2',, CrMo alloy pipe 
material, Although the ductility of 
the 2'/, CrMo pipe exceeds that of the 
CrMo weld metal. the duetility 
of the latter is considered to be entirely 
adequate. Published data’ 
that the corrosion resistance of the 2'/, 
CrMo alloy 
media is somewhat better than that of 
the I1'/, CrMo alloy. This also is the 
situation with respect to sealing. How- 


toward various refinery 


Fig. 11 
CrMo pipe after testing. 


corresponding thermal treatments. 
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Photograph of side bend specimens of 1' CrMo welds in 2! 
See Table 4 for code identifications and 
(Each group of three specimens 
represents a single pipe weld.) Approx. x ' 
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indicate 


ever, the differences noted are not great, 
and it is quite probable that these 
properties of the 1'/, CrMo alloy would 
be entirely satisfactory. 

The selection of the 2'/, CrMo alloy 
pipe in lieu of the 1'/, CrMo pipe gen- 
erally is made on the basis of creep 
properties, upon which allowable unit 
stresses for elevated temperature service 
for design purposes, are based. The 
ASME Code for Unfired Pressure Vessels 
for example, specifies equal allowable 
unit stresses for both the 1'/, CrMo 
and 2'/, CrMo wrought alloys at 1000 
F. At 1050° F the respective allowable 
unit stresses are 5500 and 5800 psi; at 
1100° F these stresses are 4000 and 4200 
psi; and at 1100° F these stresses are 
2500 and 3000 psi. These differences 
are significant, to some extent, but they 
apply only to wrought alloys. It is 
believed that similar data for the 1'/, 
CrMo weld metal and the 2'/, CrMo 
wrought alloy would show very little, 
if any, difference in stresses based on 
creep properties 


It is recognized, of course, that 
present Code requirements will not 
permit the welding of 2'/, CrMo piping 


treatment. Many 
have been re- 


without postheat 
similar 


laxed in recent years based on investi- 


requirements 


gations, similar to this one, which have 
demonstrated conclusively the  prac- 
ticability of welding certain materials 
without necessarily requiring postheat 
treatments. These postheat treatments 
always are expensive, and in many in 
stances, they cannot be applied ade- 
quately in the field. 

Under the present requirements which 
specify postheat treatment of the 2'/, 
CrMo alloy, there still are several! 
reasons for considering the use of 
l'/, CrMo welds for this material 
The superior as-deposited ductility of 
1'/, CrMo welds, compared with , 
CrMo welds, would decrease the possi- 
bility of eracking under conditions of 
low or inadequate preheat and/or high 
restraint. Also, the satisfactory as- 
welded properties of the I’), CrMo 
weld in 2'/, CrMo alloy materia! sug- 
gests the possibility of using 1'/, CrMo 
electrodes for seal beads or fillet welds, as 
for furnace tubes in headers, where 
adequate postheat treatments are difh- 
cult to apply. Further, U/, CrMo 
welds in 2'), CrMo pipe, which have 
satisfactory properties in the as-welded 
condition, would exhibit even higher 
ductilities and still adequate strengths 
were the weldments to be postheat 
treated, thereby providing an extra 
margin of safety, compared with 2 
CrMo welds in similar alloy pipe 

It has been the usual practice in the 
past, to specify the use of electrodes 
depositing weld metals having chemica! 
compositions comparable with those of 
the alloy being welded. In the case of 
dissimilar metals, the deposit analysis 
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Fig. 12 Transition temperature curves for Code E weld 
deposits in 2'/, CrMo steel pipe, under various preheat and 2! 


postheat conditions 


normally would match that of the higher 
Unless notable differ 
ences exist with respect to other con 


alloyed material 


ditions of service, as discussed pre 


viously, it is believed preferable to 
match physical properties of the weld 
metal and base metal rather than to 
match chemical compositions. Weld 
ments made according to the strength 
concept should exhibit improved service 
ability, since they 


welds having excessively high strength 


would not contain 


and COnSeG ut ntly which would tend to 
show nonuniform vielding under tran 
sient overloading conditions. The use 
of 14/4 CrMo welds in the 2 (CrMo 
pipe is a step in this direction, and the 
results of this investigation appear to 


justify this concept 


Summary 

The results of this investigation of the 
are welding of 2'/, CrMo alloy steel pips 
appear to irrant the following cor 
clusions 


\ 


between 


sgnificant correlation 
Hardness ind) duetilit nad 
irdness and tensile strengt! 
» CrMo alloy tee) 


2'/, rMo weld 


betwee 
for heat-treated 2 
pipe materia! and for 
deposits 

2. The use of preheat temperature 
up to 500° F has little or no effect on the 
strength, ductility and impact properties 


of weld metal deposited from 2'/, CrMo 


low-h drogen electrodes orf ol 
metal heat-affected zone 
I Postheating welds deposited fron 


CrMo alloy low-hvdrogen electrodes 


Aprit 1956 


below 1050 | pro 
duces no signifi int changes itt proper 
ties Postheating in the range of 1050 
I (for 16 hr) to 1150° I 


duces an undesirable increase in hard 


it temperatures 


for 2 hr) pro 


ness and decrease in ductility of the 
2'/, CrMo weld = metals The base 
metal heat-affected zone is relative 
unaffected by these 
The duetilit 
veld depo its i 


treatment 
of 2'/, CrMo allo 
nereased to over 17% 
minimum required by AWS specifics 
tion ASIG-D4T for ele 
trodes) by a minimum postheat treat 
ment of 1250° F for Ll hr 

5 Unrestrained welds in 2'/, CrMo 
alloy pipe mace without preheat md / 
postheat were found to be sound and 
free from cracks 

6. The room 
ind tensile strengths of 1'/, CrMo weld 
metal are higher than those of the 2 
CrMo_ pipe The ductility of the as 
welded 1'/,CrMo deposit t 
that of 2'/, CrMo weld metal in the 
preheated-postheated condition 

7 The vated tempera 
ture tensile strengths of 1'/,4 CrMo weld 
metal, within the range of S50 to 1150 


temperature vield 


higher than 


hort time ele 


F. exceed those of the 2'/, ¢ rMo pipe 
No ree data 1 the | ( rMo veld 
metal ire ivailable however 


reasonable = te i ime that the creep 


trength of ft iterial will not he 


helow that of the 2 CrMo pipe, in 
ew of the above results 
s The ductility of 1'/, CrMo weld 
n 2'/,CrM e, in the no preheat-no 
postheat condition entire! aut 
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Fig. 13. Charpy vee-notch impact test results for welds in 
, CrMo pipe (as-welded condition) 


factor ind adequate, us evidenced by 


the results of side bend and longitudinal 


9. Previously determined hardness 
fuetilit orretiation lor |! CrMo 
eld met ('rMo base metal 
vere apphed to hardness measurements 
made on the eld The calculated 


tilities of the 1'/, CrMo weld metal 
2 heat-affected gone in 
vostheat condition 


ippear ts e entirel itisfactory and 
lequats 
10 Postheat treatments of at least 
2 hr at 1150" or hr at 1250° F are 
required u ler to produce significant 


reductions in the hardness of 1'/, CrMo 
2 ('rMo pipe heat 


1] Notch-bend test results indicate 
that the as-deposited 1'/, CrMo weld 


et in nnewhat higher loads 
than tho forthe 2',,¢ r\lo base metal 
Althou the energ absorbed after 
um load was lower for the I'/, 
('rMo weld, in the no preheat-no post 
heat condition, than for the 2'/, CrMo 
‘ t ful cept low 
t bend properties of 
the 2 ('r\lo heat-affected zone, in the 
preheat-no postheat conditions, are 


iperior to those either of the base metal 


of the | ('yMo and 2'/, CrMo weld 
i thermally treated con 
lition Although the 2'/, CrMo pipe 
neidered to be au hardening 

the ilt f teste indicate no adverse 
efiects trom the werved hardness im 
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14. The impact properties of as- 
» CrMo welds are superior 


‘ ( rMo welds in the no 


deposited 
to those of 2' 
preheat-no postheat conditions. The 
1'/, CrMo weld impact properties, in 
the no preheat-no postheat condition, 
are comparable to those of 2'/, CrMo 
weld metal in the preheated-postheated 
Both allo weld deposits 
substantially 


condition 
exhibit impact properties 
lower than those of the 2'/, CrMo base 
metal, but not unacceptably low 

14. The transition temperature of 
1'/, CrMo weld metal, as deposited, is 
comparable to that of the 2'/, CrMo 
base metal, and to that of 2'/, CrMo 
weld metal in the thermally treated 
condition 

15. The results reported herein were 
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constituted to obtain basic data on the 
factors influencing the welding of alu- 
minum alloys in order to improve the 
welding of existing alloys, and to develop 
new alloys with good welding character- 
istics and other satisfactory properties. 

The Report is divided into the fol- 
lowing main cracking at 
temperatures above the solidus; crack- 


sections 


ing at temperatures below the solidus; 
factors affecting weldability; tempera- 
ture distribution during the welding of 
aluminum alloys; the development of 
alloys having good welding and mechan- 
ical properties; cracking diagrams for 
aluminum alloys. Appendices describe 
(1) the cracking tests used, Le. ring 
casting tests and restrained weld tests, 
aml (11) the complete list of Papers 
published by the Welding Research 
Team. Price 7s, 6d 


Develop Impact Guillotine for 
Testing Shock Resistance 


To a metallurgist, the Charpy notch 
impact test is as familiar as the chemical 
symbols Fe, C, and O. Although long 
used as a method for determining the 
transition point between duetile and 
brittle zones of metals, the method 
has some disadvantages For 
example, sample preparation takes con- 
siderable time and a V-shaped notch 
must be accurately machined 79 mils 
deep into one side of the small sample. 
A pendulum-type apparatus breaks the 
sample by swinging a weight against 
it. Final data are in the form of a 
graph with impact energy for rupture 
plotted against the temperature of the 
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obtained on pipe with a wall thickness 
It is believed that the above 


conelusions are warranted for compar- 


of itt 


able analysis plate and pipe up to at 
leust one in. in thickness 
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sample. ven after elaborate prepara- 
tions and careful technique, the exact 
temperature of the transition is not 
clearly defined. 

A new method now being used by 
materials engineers at the Westing- 
house Electrie Corp. uses an impact 
guillotine and a much larger sample, 
14 in. long by 3'/, in. wide, by 1 in. 
thick. Instead of the notch, a weld 
bead is put on the bottom side of the 


sample and an artificial crack put into 


this weld by means of an abrasive cut- 
ting wheel. A weight is 
dropped on samples at various tempera- 
tures and the transition temperature 
readily bracketed within «a narrow 
range. For example, if trials at —20° 
F show breakage each time, and trials 
at +20° F produce no breakage, the 


standard 
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and G. W. Watts, Director of Engineer- 
ing and Engineering Research 
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transition point is clearly defined within 
useful limits. 

Results are reproducible by the guil- 
lotine method and sample preparation 
has been cut to one third that of the 
Charpy method. Another laboratory 
step that’s making the metallurgist’s 
job a little easier. 


New Spectrographic Standard 
Samples of Stainless Steel Now 
Available 


The National Bureau of Standards, 
U.8 Department of Commerce, Wash- 
ington 25, D. C., has announced the 
availability of six new standard samples 
of stainless steel. The samples, care- 
fully analyzed and certified for com- 
position, are designed for calibrating 
and checking spectrochemical methods 
of analysis. Together with a set of 
three spectrographic standards issued 
earlier, NBS standards now 
certified concentration values for deter- 


provide 


mining most of the elements encoun- 
tered in the analysis of stainless steels 

The new stainless steel standards are 
certified for concentrations of six major 
and minor elements: manganese, sill- 
nickel, 


Samples are 


con, copper, chromium, and 
molybdenum. 
in two forms: rods 7/g in. in diam and 
fin. long, and rods '/, in. in diam and 
2 in. long. Both forms serve as elec- 
trodes for spark excitation in spectro- 
chemical analysis. The three stainless 
steel standards issued previously are 


available 
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EFFECT OF COLD WORK ON THE MECHANICAL 
PROPERTIES OF PRESSURE VESSEL STEELS 


PV RC interpretive report reviews and appraises the present stale of 


knowledge regarding the effects of cold work on the mechanical properties 


of steels and indicates areas where further research ts needed 


By W. T. LANKFORD 


SUMMARY The mechanical 


ol steel plate measured prior to fabrication 


properti ~ 

Into pressure vessels give no assurance of 

corresponding properties in the completed 

vessel because cold forming, or cold wor! 


ing o| an kind, considerabl titers the 
properties ol the plate In general, these 
change include in Increnst in eld 
etrength, decreased ductility with less 
ability to flow plasticall ind decreased 
toughness as reflected by an increase ir 


the transition te mperature from tough to 
brittle behavior sSusicall these alters 
tions in properties are a result of strau 
hardening, and the aging which occurs wit! 
time after cold working and which pro 
ceeds more rapidly at moderately elevated 
The rate of work harden 


ing 18 high at low strains and decreases a 


femperatures 


the magnitude of strain increases 
Tie effects of heating cold-worked ste« 


in the range of temperatures commo 


used in stress relieving are different for 
different t pes of steel Carbon ateels 
appear to undergo little if an improve 
ment in duetilit ind notch toughnes 
when heated in the range 900-1200" I 
alter moderate amount of cold wor 


Almost complete recovery of notch toug! 
ness has been observed in certain allo 
steels, on the other hand, when heated at 
about 1050° F after cold working Div 
need for further work in this field is indi 
cated At a sufficiently 
recrystallization occurs, which complete 


high temperature 


removes the effeeta of cold worl Th 
temperature required for recover ind 
recryst illization depends upon t e amount 


! 
of cold work previously imposed 
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Introduction 


In the manufacture pressure PSS 
cold-fort ing operations are used ¢ 
tensiveiy in shaping initially flat plate 


material into desired essel contow 
The resulting plastic deformation pla 


an important role in establishing the 


mechanical properties of the materia 
in the completed vemel. Local plast 
deformation oecurring it points of } 
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stress concentration in a vessel when 
subjected to service loads may also re 
sult in significant changes in properties 
It is the purpose of this interpretive re 
port to revi ind appraise the present 


tate of knowlecly¢ regarding the effects 


of cold work on the mechanical propet 
ties of stet ind to indicate areas where 
further researc} needed. 
has been placed wherever possible on 
data pert uning pecifically to those 

and constructional alloy steel 


that can be utilized in pressure esse! 


mstruction Data on similar grade 


ol carbon ine constructional illo 
tee ure i pre vented however in 
order to provide a more general back 


ground of information 
If the practical 


effects of cold work on the properties of 


iwnificance of the 
pprai properi it 1 
essential at the outset that the inher 
nature of cold-worked 


While 


cold work per se produces pronounced 


teela be clears recognized 
changes in mechanical properties, fur 
ther change in the cold-worked mate 
rial that result from secondary effect 


Tritt be significant In gen 
eral, the properties existing immediate! 
following a cold-forming operation will 
ive heen modified, in cle 
by the time the material j 
continue to change 
during service The nature and extent 
of the change n properties that actu 
depend on the type of 
steel involved 4 vell as on the specific 


thermal | tor penienced b the cold 


wmed material during subsequent fab 
nication operat I 

As | bee discussed in another 
Viateria 1) on interpretive report 
that have been plasticall 
le med ( ibject to the phenome 
non known as strain aging and undergo 
progressive changes in properties as a 
resuit uel wing While etrai 
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ig in proceed af itiospherie tem- 
perature eat vecelerated even 
it moderate clevated temperatures 


the proc- 


nd reerystallization 


‘ 
may become operative, thus providing 
sti wother source of modification of 
the propertu { old-worked steel 
Cold working, therefore, can in @ sense 
he regarded as “conditioning” the mate 
rial for the deve ent of the proper 
ties that exist as the material is placed 
service 

Since it is obviously tmportant to 
understand all of the stages in the de 


elopment of the final properties, the 
changes produced by cold work as such 
is Well induced by subse 


juent fabrication operations and by ex 


posure to se e temperatures, will be 
considered in the following discussion 
Strain iwitw il not be discussed itt 
ieba howeve nasmuch as it has been 
tre ited if smother report 


In most of the experimental work that 
has been carried out for the purpose of 
tluating the effect ol cold work on 


properts methods of straining have 
been employed that produce essentially 
uniform strains through the cross sec- 
tion of the specimen, The objective 
of such experiments has been primarily 


to establish trends and to reveal dif 


ferences in materials under closely con- 
trolled conditions of cold working. The 
problem of relating results of testa on 
unilorm trained specimens to the 
property changes that would occur in 
plates formed into pressure vessel com- 
ponents, in which the strains would 
generally not be uniform, has received 
relatively little ittention 


has been placed un thus report, therefore, 
on outlining basic trends and indicating 
the nature of the changes in properties 
resulting from cold work As a rough 
dering the effects of various 


imounte of cold work, it may be noted 


—=—_| 


that forming of |-in.-thick plate into 
eylinders ranging im diameter from 20 
m. to 120 in. results in outer fiber 
strains ranging from about 5% for a diam 
of 20 in. to about 0.8% foradiam of 120 
in. It is also of interest to note that 
Paragraph UCS-56(a)(5) of Section VIL 
of the ASME Boiler and Pressure Vessel 
Code limite the thickness, and thereby 
the strain, permissible without stress re- 
heving for a given diameter of vessel. 
The maximum thickness is given by 
(D + 50)/120 in. where D is the ID of 
whichever is greater 
It happens that the greatest strain per- 


the vessel, or 20 in., 


mitted on the basis of this formula is 
slightly less than 39%, corresponding to 
a D value of 20 in 

Before the various changes in proper- 
ties resulting from cold work are con- 
sidered in detail, the following cireum- 
stances may be cited to indicate the 
various conditions that can lead to 
changes in the mechanical properties of 
cold-worked steels 


Exposure to atmospheric tem- 

peratures 
2. Exposure to preheating or post- 

heating in connection with weld- 
ing 

exposure to the heat of welding 

exposure to the heat of stress- 
relief annealing 


It is readily apparent that the thermal 
conditions that can be encountered, as 
well as the volumes of material affected 
thereby, are subject to wide variation 
Consequently, wide variations in’ the 
properties of a previously cold-formed 
steel can be expected in a completed 
pressure vessel 


Effect of Cold Work on Strength 
Properties 

When steel is plastically deformed at 
ordinary or moderately elevated tem- 
peratures, its resistance to continued 
deformation — progressively increases 
This increase in strength or flow resist- 
ance is known as “strain hardening” ot 
“work hardening” and is one of the 
most important effects of cold working. 
Strain hardening can be described most 
simply by considering the so-called 
“true” stress-strain curve determined 
In the true 
stress-strain relationship, stress is based 
on the actual area of the specimen at 
any instant, rather than on the original 


in Uniaxial tension test 


area, Le, stress is corrected for the 
changing cross section of the specimen 
Likewise, strain is based on the instan- 
taneous gage length of the specimen, 
rather than on the original gage length 
With stress and strain defined in this 
manner, the stress-strain relationship 
appears as shown in Fig. |. It is evi- 
dent that the stress required to cause 
further deformation increases continu- 
ously as the strain increases. The slope 


106-8 


of the stress-strain curve at any point 
is a measure of the rate of work harden- 
ing, i.e., the rate at which the stress re- 
quired to produce further deformation 
is increasing. It can be seen that the 
rate of work hardening decreases with 
increasing strain. This behavior results 
in the occurrence of a maximum load 
and the familiar phenomenon of necking 
down. At low strains the rate of work 
hardening is sufficiently high that, even 
though the cross-sectional area of the 
specimen is decreasing, the specimen 
can carry a larger load as the strain in- 
Finally, however, the rate of 
work hardening decreases to such an 
extent that the loss of cross section is no 
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longer compensated and the net load- 
carrying capacity of the specimen de- 

When plastic 


under complex stress conditions, special 


deformation occurs 
stress and strain functions sometimes 
referred to as “effective stress’ and 
“effective strain” can be employed to 
describe work hardening. These func- 
tions, which take into account all the 
principal stresses and strains, were de- 
veloped on the basis that a single stress- 
strain curve should describe the plastic 
deformation of a given material under 
any state of stress. Considerable ex- 
perimental evidence supports the valid- 
ity of this theory for isotropic materials.* 
Similar relationships have been de- 
veloped* for materials having certain 
types of simply defined directionality, 
but the introduction of parameters to 
correct for directionality 
Hot-rolled, annealed, 

quenched-and-tem pered 
can be expected to be sufficiently iso- 
tropic that the strain-hardening char- 
acteristics can be described by the un- 


is required 
normalized, or 


plate steels 


modified effective stress-strain relation- 
ship. It should be noted that the con- 
stants involved in the definitions of 
effective stress and effective strain can 
be chosen so that the stress-strain curve 
determined in simple tension is actually 
the effective stress-strain curve.* 

L. R. Jackson® has suggested that the 
effective stress-strain relationship can 
sometimes be used to estimate the 
amount of work hardening produced by 
deformation under conditions for which 
the actual state of stress may not be 
known. If the strains are substantially 
uniform, the principal strains can be 
measured and the effective strain can 
be computed, A true stress-strain 
curve can be quickly determined on the 
virgin material by a simple tension test, 
thus establishing the effective stress- 
strain relationship. By then referring 
the effective strain determined after 
straining under the unknown state of 


* Effective stress; . + 


(m om)? + i Effective strain 
+ 4+ * where «, and 
“, @ @ are the principal stresses and strains 
respectively 


Lankford 


el of Cold Work 


stress to the effective stress-strain curve, 
the corresponding effective stress value 
ean be ascertained. This value repre- 
sents the effective stress that would be 
required for further flow, or can be con- 
sidered as equivalent to the yield stress 
for material that has the measured 
amount of prior strain. In Fig. 2, the 
application of this method to the analy- 
sis of strain hardening produced by re- 
duction by cold rolling is illustrated.* 
It can be seen that points determined by 
measuring yield stresses in simple ten- 
sion after various amounts of cold rolling 
lie along the same curve established by 
straining entirely in tension. For large 
and substantially uniform strains, there- 
fore, it appears that work-hardening 
effects can be predicted from a know!- 
edge of the principal strains and the 
flow curve determined in simple tension 
It is of interest to note in Fig. 2 that 
the stress-strain values lie on a straight 
line on a double logarithmic plot. For 
most ferritic steels, it has been found 
that the true stress-strain curve can be 
approximated very closely, at least up 
to maximum load, by the empirical re- 
lationship, stress k & strain” where 
k and n are material constants usually 
referred to as the strength coefficient 
and the strain-hardening exponent, re- 
spectively... These two parameters pro- 
vide «a convenient and 
method for describing the stress-strain 
curve. The strain-hardening exponent 
n is intimately related to the amount of 
uniform elongation that the material is 
capable of undergoing, i-e., 
prior to necking down. 
values correspond to larger 


widely used 


elongation 
Larger n 

uniform 
elongations 

It has been shown that for large uni- 
form strains, the analysis of the re- 
sponse of the material with respect to 
strain hardening is rather 
forward. For small amounts of prior 
strain, however, 
steels is unfortunately not so simple 
When in the hot-rolled, normalized, o: 
annealed condition, most ferritic steels 


straight- 


the behavior of most 


of the types used in pressure-vessel con- 
struction exhibit an abrupt type of 
vielding which is quite different from 
the gradual type of yielding observed 
in nonferrous metals and austenitic 
Although the abrupt yielding 
behavior is very familiar, its general 
features will be briefly reviewed. The 
stress at which strain rapidly increases 
with no further increase in stress is 
known as the yield point. In some in 
stances a drop in load occurs upon initial 


steels 


yielding, and flow continues at a some- 
what lower load. The stress at which 
vielding first begins is then usually re- 
ferred to as the upper yield point, while 
the lower stress level at which flow con- 
tinues is known as the lower yield point 
The amount of elongation occurring 
hefore the stress-strain curve begins to 
rise uniformly is known as the vield- 
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Fig. 1. 


0.85% Mn steel (MacGregor’) 


The y ield-point elon 


point elongation 


gation may vary from a slightly percep 
tible jog in the stress-strain curve for 
steels quenched and tempered to high 
hardness levels to values of elongation 
approaching 10° for box-annealed deep 
drawing steels The vie ld-poimt elonga 
tion for structural carbon-stee!l plate 
material is usually in the neighborhood 
of | to 2% 


elongation, the specimen does not strain 


During the yield-point 


uniformly, but rather by the progressive 


formation of localized strain bands 
known as Liider’s lines or bands. Onl 
one or a very few Liider’s bands form 


vielding, and the remainder of 


unvielded 


Liider s lines con 


on initial 
the specimen remains 
straining proceeds 
tinue to form and propagate until the 
end of the vield-point elongation range 
is reached 

Steel that has been cold worked prior 
to testing may exhibit gradual vielding 
rather than a definite yield point, and 
under certain circumstances may yield 
at a somewhat lower stress than that 
observed prior to cold working. The 
effect of cold work introduced by bend 
ing and straightening of *'/.-in.-thicl 
standard ASTM plate specimens of a 
semikilled carbon steel (0.23 ¢ O40 
\In is 
specimens were bent to the indicated 
deflections by a 


bending moment acting over a 10-in 


illustrated in Fig. 3. The 


permanent uniiorn 
span and were then straightened | 
reverse bending. The outer fiber strains 
in the bent conditions amounted to 
approximately 0.38% for the 
hend, 0.63° for the '/.-in. bend, 0.877 
for the in. bend and about 1.1107, for 


bend. It can be seen that 


the 
after the bend of . in. and straighten 
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True stress-strain curve for annealed 0.19% C, 


@ STRAIN BY COLD ROLLING 
* STRAIN BY TENSION 


0.8 10 ol 


TRUE STRAIN CIN. PER IN.) 


Fig. 2. 


10 1.0 
EFFECTIVE STRAIN @ 


Comparison of work hardening by cold rolling and 


by simple tension for annealed 0.19% C, 0.85% Mn steel 


(Jackson’) 


ing, the yield point disappeared. The 
stress at 0.20) offset dropped from 
34,600 psi for the hot-rolled material 
to 31,300 psi for that bent in, and 
straightened The yvield-point elonga 


tion for the hot-rolled material was 
shout 1.5% It 


produced by the flexing 


ippears likely that 
residual stress 
operation are responsible for lower initial 
ield stresses 
Scotcehbrook Stout and 
Johnston® conducted an extensive series 
of tests on 1!) -in.-thick plates of rim 
med A-285 A-70) and 
tluminum killed A-201 steels to deter 


Osborn 


former! 
mine the effect of cold work on the ten 
Axial tensile strains of 


were applied, as well a 


sile properties 
1, 5, and 10° 
an axial compressive strain of 1% In 
uldition, some specimens were strained 
1% in tension in the direction perpen 
dicular to the 


testing Test vere 


direction of subsequent 
conducted after a 
tandard elapsed time of five days with 
the objective of minimizing differences 
The present dis 


arising from wing 


cussion of the results will be confined to 


tests of longitudinal specimens, i.e 
those parallel to the rolling direction of 
the plate. The larger tensile prestrain 
raised the vield points of both materials 


‘ 


ery marked! Phe prestrain of 
resulted in an increase of about 27,000 
psi, while the prestrain of 10% produced 
thout 37,000 pa. A ten 
sile strain of 1% in the rolling direction 
had pi actica no effect on the eld 
point of the A-201 steel but raised the 


eld pomt the A-285 eteel about SOOO 


in increase of 


iL Phe compressive prestrain or the 
transverse tensile prestrain tended to 
ower the tre required to produce 

‘ ling n ter ! This phe nomenon 
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vheremnn a prior strain in one direction 
lowers the stre required to produce 
lelding under subsequent loading in 
the opposite direction, is known as the 
Bauschinger effect 

It can be seen, therefore, that no 
unple rules can be advanced for pre- 
dicting the quantitative effects of amall 
imounts of prior strain on initial yield- 
ing varies with the 
manner in which the prior strain is pro- 
duced, and also undoubtedly varies con 
derably with the extent of the yield- 
point elongation present in the original 
material (ualitativel) 


that a ten ile train i 


it can be said 
than the vield 
have little effect on 


the lower yield point but may eliminate 


pomt elon 


the upper yield point If a prior tensile 
trau i vreater than the yield-point 
gation, the yield streas should be 


higher than that of the 


elo? 
virgin material 
wid abrupt yielding may be replaced 
by gradual vielding Small prior strains 
produced by compression, or by tension 
ippled in a direction perpendicular to 


the direction of testing, tend to lower 


lightly the required for yielding 
the LBauschinger effect If 
ive prestraming continued to suffi- 
ently high ies, the tensile yield stress 


l rise above that of the original mate 
isa result of strain hardening.” If 


the prior strain is p oduced by bending, 
© that residual stresses are set up, rela 
tive mall prior strains may result in 
i lowermg of the 
ipparent tre it which yielding is 
nitinted 

Stout and co-worke state that with 
the exception of the 1% prestrain on the 
4-201 ston t prestrains raysed 
the nominal maximum stress (tensile 
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Fig. 3. Effect of bending and straightening on the initial yielding characteristics 


of '/,-in. thick carbon-steel plate material 


strength) in the tension test. The mag- 
nitude of the effect increased with in- 
creasing prestrain and amounted to 
about S000 psi for prestrains of LO[%, 
It appears that a large part of the re- 
ported increases in tensile strength can 
be accounted for by the fact that the 
tensile strength of the cold-worked mate- 
rial is computed on the basis of the new 
area after straining. Thus, an increase 
in tensile strength would be reported 
even though the maximum loads for 
specimens with and without prior cold 
Strain aging be- 
final 
may have contributed slightly 


work were identical 
testing 
to the 
observed increases in tensile strength. 


Effect of Cold Work on Ductility and 
Fracture Stress in the Tension Test 

A. Duetility. Extensive 
tions of the effects of prior straining on 
the ductility 
have been carried out 
frequently 


tween prestraining and 


investiga- 


of steels in tension tests 
One type of 
experiment condueted in- 


volves prestraining at a temperature 
above the range of temperature in which 
the transition from ductile to brittle 
behavior and then 
the remaining ductility at some lower 
temperature, The type of 
behavior can be illustrated as shown in 
Fig. 4a. The fracture at 
Temperature 2 after prior straining at 
Temperature | decreases linearly with 
increasing prior strain. For example, if 
a strain is applied at Temperature | 


occurs measuring 


strain to 


corresponding to 750) of the fracture 
strain at that temperature, then the 
additional strain at Temperature 2 be- 
fore fracture will be 25°, of the ductility 
that would have been observed at that 
temperature if there had been no prior 
strain at Temperature |. 

Under certain circumstances, how- 
ever, quite complex effects resulting in 
the type of behavior illustrated in Fig. 
1) may occur. For prestrains, 
the ductility at Temperature 2 drops 
rather rapidly, but at somewhat higher 
prestrains begins to rise, passes through 
be considerably 


small 


maximum that may 
in excess of the value for no prestrain, 
and then decreases in a regular manner. 
The relative magnitudes of the changes 
in ductility that 
prestrain is increased may 


are observed as the 


vary cone 
siderably, and in some instances the 
initial drop in ductility at low prestrains 
may be hardly detectable. Since the 
deficiency of ductility at the lower pre- 
strains can be partially eliminated by 
prior plastic flow, the behavior has been 
termed “rheotropic’’ embrittlement by 
While this 


type of behavior had been observed by 


Baldwin and co-workers.’ 


other investigators,’ the phenomenon 
has been subjected to extensive sys- 
tematic study by Baldwin. An under- 
standing of the mechanism of rheotropic 
effects on 
should be of value in developing a better 


low-temperature behavior 


understanding of the general problem of 
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low-temperature embrittlement of fer- 
ritic steels. The practical implications 
of rheotropic embrittlement, however 
are not Only 
amount of work has been reported in 
which notched 
used, and whether small amounts of 
cold work might under 
stances actually improve notch tough- 


as yet clear. a limited 


specimens have been 


some circum- 


ness is problematical. 

Geil and Carwile'' have reported that 
rheotropic embrittlement of ingot iron 
is dependent upon the initial condition 
of the material. Prior straining in ten- 
sion at room temperature improved the 
low-temperature ductility of hot-rolled 
or normalized ingot iron, whereas with 
annealed ingot iron, the opposite effect 
was observed. Recent work carried 
out by Gensamer™ indicates that the 
rheotropic embrittlement 
related to the effect of prior strain upon 
the initial yielding behavior at the test- 
ing temperature. Small 
prestrain may eliminate the upper yield 
at the subsequent testing tem- 


behavior is 


amounts ol 


point 
perature, thus causing yielding to occur 
at a lower stress and permitting a larger 
amount of plastic flow prior to fracture 
At larger prestrains, the effect of strain 
hardening becomes predominant and 
the duetility 
manner. 
Another aspect of the effect of prior 
ductility is illustrated by 
Bridgman’s work on 
under high hydrostatic 
Bridgman found that if a specimen was 
elongated in the presence of a high 
hvdrostatic pressure, the ductility was 


decreases in a regular 


strain on 


prior straming 


pressure.'* 


very much greater than at atmospheric 
pressure. Furthermore, after prestrain- 
ing under hydrostatic pressure, consider- 
able ductility remained at atmospheric 
pressure even though the prior strain 
exceeded the original fracture strain at 
atmospheric pressure. Sachs’ also dis 
cusses the different effects on ductilit 


obtained by prestraining in tension, in 


s 


TEMPERATURE 2 


Ye < Ty 


RETAINED DUCTILITY 


- 


= (b) 


EMBRITTLEMENT 


Te < 


RETAINED DUCTILITY 
AT TEMPERATURE 2 


PRESTRAIN AT 
TEMPERATURE | 


Fig. 4. Schematic illustration of rheo- 
tropic embrittlement 
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: ones 
| 


wire drawing or in extrusion The 


stresses 


latter methods of deformation result i 


greater remaining ductilit titer a given 
amount of extension These obser 


tions are mentioned on! isa matter of 
general interest, inasmuch as it is be 
heved that the variations in hydrostati 
compression that would be encountered 
in plate-lorming operations would | 
too smal! to result in significant effects 
of this type Under some conditions 
small amounts of prior compressive 
strain may tend to lower ductility be 
cause of a tendency to lower the fracture 
stress, as «discussed in the following 
section 

B Fracture Stress In general, the 
breaking stress or fracture stress j 
affected by prior strain in much the 
same manner as yield stress Fracture 
stress is quite difficult to study because 
it is a function of so many different 
variables Perhaps the most straight 
forward studies of the effect of cold work 
on fracture stress have been those in 
which a prior strain is applied at room 
temperature and the final testing carried 
out at a low temperature at which ver 
little ductility remains Thus, strai 
at the low temperature does not tend to 
mask the effects of the prior strain at a 
higher temperature. It has been ob 
served that under these conditions, in 
creasing amounts of prior tensile strain 
result in an increasing fracture stress 
For prior straining in compression, M: 
Adam has shown that the fracture stres 


at first cdlecreases and then increases con 


tinuous vith increasing compressive 
strain With regard to the effect of 
prior compressive straining, MeAdam 
states The effect on the tensile fra 


ture stress is similar to the effect on the 
tensile flow stress The effect is the 
resultant of two factors, namel i shift 


of the elastic range and a work-harden 


ing effect The shift of the elastic 
range referred to is the sauschinget 
effect, described previously in this re 
port This observation is in aceord 
with Zener’s hypothesi ilso held b 


many others, that fracture in metal 
always preceded by) plastie flow at least 
on microscopi scale even thoug! 
there may be very little, if any, outwa 
evidence of ductilit Furthermore, it 
is presumed that so-called brittle 


fractures of steel are nucleated by stres 


concentrations resulting from the first 
MuIcroscot traces of plastic flow \ 
cording to this view, therefore, prio 
straining in compression would be « 


pected to at first ower the fracture 
stress, because plastic flow would be 
Initiated at a lower stress as a result « 


the Bauschinger effect 


Effect of Cold Work on Notch Toughness 


It is generally recognized that cold 


working impairs the abilitv of ferrit 


ateels to resist the initiation of brittle 
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revailing in the 


wture In actual practice. the effect 

strain aging are superimposed on the 
effects of the ld work While the 
toughme primar nterest 
from the point f the suitahbilit 
f the materia ice. it is impor 
fant to kn it ontributior 
0 training «ar wing to the u pair 
ent tougline are to 
taken to design of improved er 
existance to the effects of 

\ number <cifferent procedures 
have been emploved in evaluating the 
efiects of cold work on toughness Not 
oni has a inet of methods of intro 
ducing cold work into the material been 
employed, but also numerous types of 
test specimen have heen emploved 
The significance of notch toughne 


tests and methods of evaluation of re 
iits of Varilou ts have heen 
cussed at length elsewhere ’ 


vill not be reviewed in this report. It 
whized that for the 


Is now genera 
most miforma n and least ambiguou 
! ults, test to ¢ iluate the effects of 
Work on tughness must be con 
ducted over a range of temperature 

that the transition temperature or 
each condition to be studied ean be de 
termined Pest mducted onl it 


room temperatur have heen subrect to 


misinterpretation in the past, even 
though a range of degrees of cold work 
is used U'nle otherwise indicated 
attention be directed herein pri 
marily at the change in the so-called 
duetilit transition temperature 
vhich is considered to be intimate! 


wsoctited with crack mnitition It hia 
been pomted out vhere'® that the 
racture transition temperature, or tran 
ition temperature based on tracture 
ippearance, isusually notwreatly affected 
ly old work, especially if the duetilit 
transition ts perature for the test under 
consideratiot vell below the fractures 
transition temperature for the rin 

iterial If the duetility transitior 
temperature ihout the same as the 

wture transition temperature then 
creasing amounts of cold work will 


tend to increase both transition tem 


peratures at the ime rate 
Stra ny tensor na the 
t pi method « 
ntroduci | r} or the purpo 
evaluating the effects of cold rk of 
teh tou his procedure ha 
trv ul inf f t it i relat 
en of mater in tx trained at om 
time, thus pro ling number of spec 
en vith ! one training operation 
straining ha been carned out prior 
to testing f toughine by reduc 
i t ling and i 
Ipressio! Che latter methods have 
the advantage that, with the exception 
notching nd dual impact 
en in be completel machined to 
final dimen ne prior to straining In 
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this manner, the time interval between 


straining and testu in be kept to a 


n T Another method of strain- 
nvoives the drawing of a tapered 
bar f gl t! producing a con 
tinuou irintion of work along the 
bar, the range train being determined 
by the tam 
Stout and o-workers" studied the 
effect old ~ on the notch tough 
nm of | thick plate material of 
\-285 steel and A-201 steel (the same 
t eats pre mentioned) The 


Chary \ tel mpact test and the 
Lehig! ow notch-bend test were used 
Transition temperatures were evaluated 
ibsorption, frac- 
ture appearance, and lateral contraction 
measured in. below the base of the 
notel lor the evaluations of transi 
tion temperature based on energy ab 
sorption, the criterion used was the 
ch the energy value 
was midwa between minimum and 
Similarly, for the 
evaluation based on lateral contraction, 
the riterion selected was the tempera- 
ture at which the ilue of lateral contrac- 
tion Was midwa between the minimum 
und maximum The fracture- 
sppearance transition temperature was 
elected as the temperature correspond 
A stand 
ird elapsed time of seven days after final 
treatment was employed for the Lehigh 


ing to tracture 


ow notch-bend test hile a period of 


ten da is used for the Charpy V 


Phe increases in transition tempera- 
ture resulting from the ious stramimng 
treatment e summarized in Table | 
(in the ba ener ibaorption in the 
Charpy V-notch impact test the A-285 
teel exhibited a somewhat greater shift 
than did the A-201 steel It was also 
observed that while the transition tem- 
perature of the A-2O1 steel was shifted 

YTESSI VE to higher temperatures 

ncreasinig unounts of tensile 


train, that f the A-285 steel was 


hifted almost as much by 1% tensile 


train as | 1, The shifts observed 
ifter 10°), strain were about 50° F for 
the A-201 ste« ind about 75° F for the 
\-285 ster If a criterion of lateral 


ontraction i used, the data Appear 
ewhat Ol tent, but the shifts 


in transition temperature resulting from 
» and from 10%, cold work were not 
hiflerent the two steels In 
the Lehig notch-bend test, the 
lest f ted i considerably 
greater t ition temperature 


ilter train than did the A-201 


tes but t strain the shifte 
‘ i the two steels, 

inting to about J Lehigh 
notch-bend tests were also con- 
ducted on n-thick plate material 


that had been strained 20% in tension 
fre each of these two heats. Again 


the two ster exhibited very similar 


= 


Table |—E€ffects of Cold Work on Transition Temperatures of A-285 and A-201 
Steels (1'/,-In.-Thick Plates) in Charpy V-Notch Impact Tests and Lehigh Slow 
Notch-Bend Tests (Stout, et al) 


Inerease in transition temperature (° F 
2 


1-201 A-285 
Lateral Lateral 
Strain Energy contraction Energy contraction 

Charpy V-notch impact test 

1% Compression 42 7 w 18 

1% Tension 28 2 63 1X 

5% Tension 38 14 66 57 

10% Tension is ww 77 42 
Lehigh slow notch-bend test 

1% Compression 

1% Tension 27 10 

5Y Tension ow 

10% Tension ow 


shifts of 
increase of about SI° F was observed 
for the A-201 steel, while that for the 
A-285 was about 80° F 

Compressive strains of 1% caused a 
shift in transition temperature in the 
Iehigh slow notch-bend test of about 
15° F for both steels as compared with 
shifts resulting from 1° tensile strain 
of about 10° for the A-285 steel and 
25° for the A-201 steel. In the Charpy 
V-notch impact test, on the other hand, 
the two methods of straining produced 
about the same shift in transition tem- 
perature for the A-201 steel, but tensile 
straining produced a larger shift than 


transition temperature. An 


did compressive straining for the A-285 
steel, Some of the seeming inconsisten- 


cies in the results for the material 
strained 19% may possibly be attribut- 
able to the difficulty of obtaining uni 
form deformation at such a low average 
strain level 

With regard to the over-all interpre- 
tation of the results, it is interesting to 
note that in the final summary of the 
five-year program at Lehigh University, 
Tér and Stout" state 
tion can be made at the outset of this 
The aluminum-killed A-201 
and the rimmed A-285 steel responded 
to all of the simulated fabrication opera- 


“One simplifiea- 


discussion 


tions in essentially the same manner 
The noteh toughness of the A-285 was 
inherently lower than that of the A-201, 
but prestraiming or welding or heat 
treatment altered both steele in the 
sume direction and to about the same 
extent.” 

Klier, Wagner, and Gensamer®*® re- 
ported results of tests on a series of ship- 
plate steels in which the effects of axial 
tensile strains of 2, 5 and 10°) on transi- 
tion temperatures in the Charpy key- 
hole-notch impact test were determined 
Average curves through 
the data and transition temperatures 
were selected at 25 and 50° of maxi- 
In the follow- 
ing discussion, the values selected at 
25° of maximum energy will be used 


were drawn 


mum energy absorption. 


200-8 


inasmuch as this criterion is believed to 
correspond more closely than those 
selected at 50% to the ductility transi- 
tion temperature as usually defined for 
the Charpy keyhole-notch impact test 
The results are summarized in Table 2. 
For 2% strain, the reported shifts in 
transition temperature 
10 to 45° F. (The two values of 
negative shift reported are not considered 
sufficiently great to be 
For 5° strain the shifts ranged from 25 
to 55° F, and for 10° strain from 40 to 
75° FF. No consistent trends with steel- 
making practice were discernible. One 
steel with higher than normal nitrogen 
(0.010%) exhibited a shift that was on 
the high side of the observed range; on 
the other hand, a similar steel with 
normal nitrogen exhibited just as large 
a shift in transition temperature. When 
it is considered that an individual transi- 


ranged from 


significant.) 


tion temperature determination based 
on the number of specimens employed 
by Klier, 
probably uncertain to about + 20° F, 
at least part of the variation among re- 
sults for the various steels can be at- 
tributed to experimental scatter. The 


Wagner, and Gensamer is 


Table 2—Increases in Charpy Keyhole- 

Notch Transition Temperatures Resulting 

from Cold Working [in Tension) of 

Several Ship-Plate Steels (Klier, Wag- 
ner and Gensamer) 


I nerease in transition 


tem perature | 
2X 5% 10% 
Steel* Strain Strain Strain 

A oo 
20 
Bn 20 30 55 
70 
l 20 7 5 
Dn 5 25 10 
5 
i 10 25 10 


* Designations used by Klier, Wagner 
and Gensamer 
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time interval between straining and 
testing in the above tests was about one 
month. In order to explore the pos- 
sibility of variations caused by room- 
temperature aging, series ol 
tests in which straining was performed 
by axial compression was conducted on 
two of the steels. The specimens were 
finish-machined, with the exception of 
notching, to dimensions selected so that 
the dimensions after straining would be 
within standard tolerances. This pro- 
cedure permitted a transition curve to 
be determined within one hour after 
straining. Tests were conducted after 
a series of aging times ranging up to four 
weeks for two of the ship-plate project 
steels. While the data are somewhat 
inconsistent, there is an indication that 
for one of the steels an increase of 15 to 
20° F in transition temperature accom- 
panied the increase in aging time from 
one hour to four weeks. Inasmuch as 
no trend was found for the other steel 
tested, however, the results must be re- 
garded as somewhat inconclusive. It 
would appear that for the particular 
steels tested by Klier, Wagner and 
Gensamer and for the number of tests 
used in establishing a transition curve 
the effect of aging in shifting the transi- 
tion temperature was no more than 15 
to 20° F and was probably within the 
accuracy of the experiment. For the 
most precise separation of the effects of 
cold working and of strain aging follow- 
ing cold working, the time interval be- 
tween straining and testing should be 
kept to a minimum and carefully con« 
trolled for the specimens that are not 
deliberately strain aged. 

E.pstein®* reported a series of tests on 
ship-plate steels in which the effects of 


another 


straining in compression on the transi- 
tion temperature in the Charpy keyhole- 
notch impact test were measured, The 
temperature corresponding to 20 ft-lb 
energy absorption was used as the criter- 
ion of transition temperature. 
tested material from several heats each 
of American Bureau of Shipping Classes 
A, B and C hull-plate steel. The car- 
bon and manganese contents are not 
specified for Class A steel, but usually 
average about 0.230, C and 0.45%, Mo. 
This steel is used in plates up to ' » in 
in thickness. In Class B steel, which is 
used in plates over '/, in. and up to | in. 
thick, the carbon content is limited to 
0.23%, max and the manganese content 
is from 0.60 to 0.90%. Class C steel is 
used in plates over | in. in thickness 
It contains a maximum of 0.25°7 carbon, 
0.60 to 0.90% manganese, and 0.15 to 
0.30% 
aluminum-killed, fine-grain 
For the purpose of the tests conducted 


silicon and is made by fully 
practice 


by Epstein, commercial plates of all 
three grades were rolled to */,-in. thick- 
ness. No information is given regard 
ing the time interval between straining 
and testing. 
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E-pstein’s results are summarized in 
Table 3 It can be seen that each 
grade exhibited about the same shift in 
transition temperature as a result of 
straining. The average increases in 
transition temperature produced by 5% 
compression were 58, 53 and 52° F for 
Classes A, B and C, respectively The 
average shifts produced by 10°) com- 
pression were 65, 62 and 63° F for 
Classes A, B and C, respectively. Thus 
on the basis of these data, there do not 
appear to be significant differences in 
the response of these three grades of 
steel to cold work. It should be noted 
of course, that the initial transition 
temperatures prior to cold working are 
significantly different for the three tvpes 
of steel as tested by Epstein. The aver 
age transition temperatures of the mate 
rial before straining as reported by Ep 
stein are +26 1 and 39° F for 
Classes A, B and C, respectively since 
the shifts in transition temperature 
produced by cold work were almost the 
same for all three steels, the differences 
among the transition temperatures after 
cold working will be the Same AS before 
cold working 

Markus and Armiento®* investigated 
the effect of cold work on the notch 
toughness of a 1030 cartridge case steel 
which contained 0.27% ( and 0.640, 
Mn and was aluminum-killed. Cold 
rolling was used as a method of strain 
ing, with the time interval between 
straining and testing being held con 
stant at 30 days The material was 
tested in the four following conditions 
that were produced by variations in 
heat treatment (1) spheroidized, fine 


grained ; (2) spheroidized, coarse-grained 


3) pearlitic, fine-grained; and (4) pear 
litie, coarse-grained, The test speci 
men employed was a Charpy-type im 
pact test specimen with a notch root 
equivalent to that of the keyhole-notch 
specimen but with the notch machined 
by a U-shaped milling cutter rather than 
by drilling and = slotting Transition 
temperatures were selected at the high 
est temperature at which a brittle fra 
ture low-energy absorption) was ob 
tained. Usually groups of five speci 
mens were broken at 5° F temperature 
intervals in the vicinity of the transition 
temperature Curves illustrating the 
effect of various amounts of cold work 
on the transition temperatures selected 
in the indicated manner are shown in 
Fig. 5 It can be seen that the trans 
tion temperatures increase more rapid] 
at low strain For three of the con 


ditions, the curves very nearly paralle 


one another The fine-grained, sphe 
roidized material however shows some 
what smaller increases in transition 


temperature with increasing cold work 
than do the other three materials It 
is interesting to note that at 10°) strain 
the average increase in transition tem 


perature for these materials amounts to 
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Table 3—Effects of Cold Work (by Compression) on the Transition Temperatures 
in Charpy Keyhole-Notch Impact Tests of Plates of ABS Classes A, B and C Steel* 
(Epstein) 


nerease in trar / n transition 
lem perature perature 
\ her of ifter 5% aw afler 10% atrain 
Slee plates tested Range Kar lierage 
} ) bo 


is 72 
( 2 2-52 V2 
2 ot 
* All plates rolled to */.-in. thickness for comparative purpos 
slightly more than 50° F, agreeing well essentia iniiorm throughout the 
with values observed by Klier, Wagnet specimen, Cold work introduced in 
ind Gensamer as well as by pstein lor tual forming operations, on the other 
different methods of straining hand, is more kely to vary from point 
On the basis of the foregoing analysis to point in a manner determined by the 
it appears that, for open-hearth steel contour being formed and the method 
having compositions in the range of 0.15 OF forming For example, in a eylin 
to 0.30% C and 0.40 to 0.90% Mn, a drieal bend, the strains will vary from a 
strain of about 10%, results in an in Lensilt ilue on the convex side of the 
crease of transition temperature in the bend to a compressive value on the con 
Charpy kevhole-notch test of about 50 CHVE BIE For a given plate thickness, 
to 70° | the maximun dues of strain depend 


on tl of the bend lurve 
Limited data indicate that capped or end, being larger 
for smaller radi Phe question natur 


i irises as to what effect the type of 


semikilled ln emer steel may undergo 


i much greater increase transition 
cold ork introduced in actual forming 
temperature when cold worked, because K 
operation on noteh toughnes 
of the combination of high phosphorus 
Only a limited amount of work aimed at 
ind high nitroger In one experiment 

cold rolling 10°) increased the trans) len 


tion temperature of a semikilled bes 


Stout o-work stuche the 
semer teel contamimge O.15%, ¢ ind 
e flect ol rl De Using 
045% Mn b ihout 150° F in the 
ol th slow 
notehed-bend test specimet \ 
Because of the high nitrogen content ‘ nen eyiin 
drical bend is introduced in the speci 
thi teel ma have aged ipprecianl in 
net cha way that tensile stra 
even i short period it room temperature 
in. below the depth cor- 
Limited information suggests that led t t} j f Izod 
steele |} t i ren martensite 
| having ng | marten note! hichw machined after bending 
microstructure ma less susceptible 
The testing procedure was the same as 
than ariite to to a decreas ofl | tel | 
T hye elig ‘ noteh-ben 
otch toughn i result of cold work 
i i ! ult of | ork Ira tion temperature determined in 
tests of material tron “ ta of 
m rom t lor Ole 4-285 ind A 201 
tes e mentioned previously 
in connection with the Lehigh program, 
merenses of 4D am } were observed 
“ greed thin experimental error with 
ifter 10%, train produced cold 
Mat th using specimens axially 
roiling iterial a in 
tra da if 
plate of » (3 D Ni 2/4 Che effects o herical pressing were 
\lo teel, that had been quenched and : 
alse tudied in the Lehigh program.” 
tempered, ext tei an inere COL Ls 
| this purpose pecial specimen and 
ilter tramimg, but an imereas | ( lat 
‘ ore levelopun ireula 
of about 100° F in the normalized and ’ , 
" plate n. thick and 16 in. in diam of 
t ipered condition.” ork ¢ 
empered rk il 4.985 and A-20) tow vere both cold 
it Progress under the suapices of the ‘ 
radius of ou circular noteh 
trength stes it 50.060, 70.000 and 
¥ 0.12 in. deey tnachined at a radius 
pel vie pomt leve Will add to 
of 2 in, afte mpletion of the form- 
the fund of information on the effects 
in ( i e ng tis 1) ng testing the 


old work on notch toughnes 
entral portion of the pecimen bounded 


The methods of straining discussed hy the notch «w ipported, and a load 
ip to this point have been of such a i pled around the periphery of the 
nature that the trains produced were a men that the root of the noteh 
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impact test (Markus and Armiento’*) 


Total energy 
to fracture was recorded and used in 


was placed in tension 


constructing the transition curves shown 
in Fig. 6. It is clear that in this test 
cold pressing shifted the transition curves 
to higher temperatures, in addition to 
lowering the ability of the material to 
absorb energy at any particular tem- 
Unfortunately insufficient 
testing was conducted to permit cor- 


perature 


relation of results of this test with re- 
sulte of other tests conducted in the 
Lehigh program 

At this juneture, it should be pointed 
out that, although a great deal of atten- 
tion has been directed toward the effects 
of strain aging on notch toughness, sur- 
prisingly little work has been carried 
out in an effort to evaluate the effects of 
prolonged aging at atmospheric tem- 
Although strain aging is not 
to be discussed at length in this report, 


peratures 


it should again be indicated that the 
property changes discussed up to this 
point are essentially the effects of cold 
working alone, with at most a few days 
of aging at room or atmospheric tem- 
Most studies of the effect 
of aging on toughness have made use of 


peratures, 


elevated temperature aging treatments 


Effect of cold work on the transition temperature of 
a 1030 cartridge-case steel in the Charpy keyhole-notch 


Fig. 6. 


50 100 


TEST TEMPERATURE ~- F 


Effect of cold pressing on the transition from tough 
to brittle behavior of 16-in. radius spherical heads of A- 


285 and A-201 steels (Stout*’) 


While such experiments indicate the 
effects to be expected from heating at 
the selected temperatures, the effects 
that would result from prolonged at- 
mospheric temperature aging are not 
necessarily revealed, Smith and Garo- 
falo®® studied the effect of aging at 75° F 
after straining 10°, in tension for ex- 
posure times ranging from | hr to 25,000 
hr for three steels indicated in Table 4 
A Charpy 
half standard width (parallel to notch 


V-notch specimen of one- 
axis) was used. Energy absorption vs 
temperature curves for various aging 
times at 75° F are 
Transition temperatures were selected 
at the 10 ft-lb level. For steels A and 
B, a shift of from 25-30° F 
duced by an increase of aging time from 
5 hr to 25,000 hr For steel C, the 
transition temperatures for the cold- 


shown in Fig. 7 


Wiis pro- 


worked and aged conditions were above 
room temperature and it is likely that 
aging occurred during testing Aging 
was also carried out at 450° F for tunes 
up to 25,000 hr. In Table 4 the maxi- 
mum shifts in transition temperature 
after aging at the two temperatures are 
indicated In every instance, aging at 
150° F produced a much larger increase 


than did 
Furthermore, for steels 


in transition 
aging at 75° F. 
A and B, the increase resulting from 5 
hr aging at 450° F was greater than the 


temperature 


increase produced by 25,000 hr at 75° | 


Effect of Prior Strain on the Performance 
of Weldments 


When a weld is made on a cold- 
worked plate, the properties of the cold 
worked base material will be altered 
throughout the zone in which the tem 
perature is raised by the heat of welding 
The change at any particular location 
will depend on the time-temperature 
cycle experienced by the material in 
that location. In much of the heated 
zone the notch toughness will be im- 
paired as a result of strain aging. The 
changes so produced will contribute to 
the performance of the weldment as a 
whole in a manner depending on the ex 
tent of the changes and the volumes of 
metal affected. 
conducted Lehigh slow notch-bend tests 
on a series of A-285 and A-201 steels that 
had been strained 5° in tension prior 
to welding. The results of tests on 
these specimens are compared in Fig. 8 
with results of tests on welded but un 


Stout and co-workers” 


Table 4—Maximum Increase in Transition Temperature (Modified V-Notch Charpy Test) After Straining 10% in Tension and 
Aging at 75 or 450° F for Three Carbon Steels (Garofalo and Smith) 


Velling practwe 
Liquid metal deoxidized with 
silicon and aluminum 
Open hearth capped 
Bessemer, capped 


Chemical « om position 


S Si 


0 O17 0 13 
0 O06 


0 O75 


0 O28 
0 026 
0 032 


0 007 
0 O12 


Varimum incrTeanre 

in transition 

1fler straining 

sol 


and aging 


oll 112 
0 005 73 116 
0 O16 200 


0 O15 
0 005 
0 006 
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strained specimens It can be seen 


that the transition temperature (based AGING INTERVAL 
SYM HO 


on percent lateral contraction lor 


material stramed prior to welding Was | | ~¢ NORMALIZED 
higher than for material unstrained 5 
prior to welding Loss of toughness in , 100 
cold-worked zones heated by welding T 1000 
contributer an ii loss ol tough- 
ness of tl pecimen The 


increase | transition temperature 80 


produced was much less than 
that od by welding alone, rela- 
tive » the transition temp rature ot 


unwelded material 


Effects of Heating Cold-Worked Material 


As mentioned earlier, cold-worked 
metals are not stable The properties 
tend to change with time, the rate of 
change being faster the higher the tem 
perature Cold-worked ferritic steels 
tend to strain age at atmospheric and 


moderately elevated temperatures As 


ENERGY ABSORBED-—-FT LB 


discussed in previous interpretive re- 
ports, strain aging tends to produce a 
further increase in strength and a fur 
ther loss of duetilit and toughness 
above and bevond that produced by 


cold work alone. 


Another process known as recrystal 
10 


lization, also tends to occur in all cold 


worked metals The individual grains 0 

clistortes Vv cold work to an extent ae- 

| TEST TEMPERATURE —F 


cold working, and become considerably Fig. 7. Effect of straining in tension and aging at 75 F on the transition from 


harder as a result of strain hardening tough to brittle behavior (modified V-notch Charpy test) for three carbon steels 


Furthermore, a sten residual (Garofalo and Smith*") 


pending upon the nature ind degree of 


stresses is set up on a microscopic scale 
in addition to any macroscopic residual 

stresses that may have been produced lization occu! the metal is being otch toughness of the 
If a cold-worked metal is heated to a deformed ! . ! i| would be better 
sufficient high temperature, or held Prior to onset of actual reerystal thar st of P i] material would 
for a sufficiently long time at somewhat ligation. { ro known as recovel lepend on the 1 tive hardnesses and 
lower temperatures recrystallization occu! which may result in changes in i nder ome conditions, 
occurs, Le new strain-lree grains are some propertis prior to the rapid soften imple j ' tallization of 


und begin to gro I giver ing accompal ny the formation of new nl orned material, exag 


degree of cold work, the time required strain-free gra Recovery 18 assoc! per rt nf | iv occur, 80 that 
for complete recrystallization depends ited with the relaxation of microscopi il i great deal larger 
on temperature, being shorter the higher original material, 
the temperature The changes in prop mops offsetting the im 
erties brought about by reecrystalliza shout by recrystal 
tion in the direction of restoration d proportional li No ing vould be ex- 
of the original properties The final d nin nacit eliminate the effects of cold 
properties ol the reerystallized material lectrical j j nd other chang ku it, not or vould reeryetal 
rit not be identical to those of the n pl , nroOner sation and f cold-working effects 
original material, however, because the pro oceur Ol ng to the normalising 
grain siz recrystallized material! Hisation are pecia so a completely new 
may differ from of the original if ip to changes in proper et gra ould be formed as 
material hat might occur upon heating cold iustent ny at the normalizing 
Cold working ha been defined earlier wo le ing ranstormed upon cool 
by implication as deformation under 
conditions train hardening he question naturall o-workers investigated 
occurs 4 definition can also be stated i deleteriot eflects ! ol iting cold-worked 
in terms of reerystallization, i that d work b ri ( f iter for 11 00, SOO, 1150 and 
cold work 1s plastic deformation carned 0 age the changes 0 properties, including 
out under conditions suc! that reer ta! eur durin I tallization it i measured the 
lization does not occur as the material ppear tha only certain h slow notch-bend test.* Typical 
is being deformed Hot work, on the ng the effects of cold n 9, whieh 
other hand, is deformation carried out vor wuld be to bring about complete ra bel or of 1'/-in, A-201 
under conditions such that recrystal recrystallization yf the material . cr rion of percent lateral 
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K A E 


STEEL 


Effect of prior strain on the transition temperatures for a group of welded 


A-285 and A-201 steels in the Lehigh slow notch-bend test (Stout*’) 


evaluating 
It can be seen 


contraction was used in 
transition temperatures 
that the maximum increase in transition 
The 


temperatures at 
can be attributed to 


temperature occurred at SOO 
increased transition 
and SOO" 
strain aging 
tures observed after heating at 1150° F 
for the cold- 
A similar observation 


The transition tempera- 


are almost the same 
worked material 


Smith and Garofalo” on 


was made by 
the steels listed in Table 4 after heating 
10 br at 900° or 2 hr at 1200° This 
behavior might be attributed either to 
the possibility that strain aging is not 
occurring in this temperature range or 
to the possibility that the effeets of 
strain aging are alleviated by changes 
associated with recovery. Examina- 
tion of the steels indicated that recrystal- 
lization had not occurred. It is inter- 
esting to note that the yield stress of the 
Lehigh A-201 cold worked 5% 
drops from 58,800 psi to 49,400 psi as a 
result of heating at 1150° F. The cor- 
responding change in the material cold 
worked 10%; from 68,600) psi to 
16,800 psi, suggesting that 
recovery reerystallization 


stee! 


Wiis 
strongly 
or imeinent 
has indeed occurred. More pronounced 
effects are evident in results of the notch 


toughness tests” conducted on °/ in 
plates strained 20°), and heated for | 
hr at 1150° F. In the Lehigh slow 
notch-bend test, the transition tempera- 


ture (on basis of percent lateral contrac- 


20 


tion) of the A-201 material was raised 
from —93 to —12° F by 20° strain, but 
was lowered from —12 to —34° F by 
heating at 1150° F after cold working. 
The of the A-285 steel 
even more pronounced, the transition 
temperature after treatment at 1150° F 
being about the same that of un- 
strained material, The transition tem- 
perature was raised from —46 to 4 
13° F by 20% strain, and was lowered 
to —56° F by heating at 1150° F 


response Wiis 


is 


and normalized-and-tempered 2315.% 
It can be seen that in every instance the 
transition temperature the cold- 
worked material is markedly 
lowered by heating at 1050° F. On the 
basis of other tests, recrystallization is 
not believed to have occurred in these 
treatments. While it is not possible 
to advance an explanation at this time 
for the more pronounced response of 
these materials to heating, it may be 
significant that all of these steels have 
very fine ferritic grain It 
known that for a given amount of cold 
work, fine-grained metals recrystallize 
more rapidly or will reerystallize at a 
lower temperature than coarser-grained 
material. It seems possible that changes 
associated with 
more rapidly in fine-grained material 


ot 


very 


Is 


recovery also 


Effect of Cold Work on Elevated 
Temperature Properties 


The increase in strength at 
pheric temperature produced by 
working 
At 


the increased strength will be retained 


atmos- 
cold 
heen discussed 


has already 


moderately elevated temperatures 
and may be augmented by strain aging 
As the temperature is further increased 
however, the processes of recovery and 
recrystallization come into play and the 
contribution of cold work begins to be 
lost. Since the temperature at which 
recovery and recrystallization proceed 
at an appreciable rate depends on the 
amount of cold work, it follows that for 
a particular service temperature there 
will be an optimum degree of cold work 
with respect to the increased strength 
that can be realized.** This principle 
is illustrated in Fig. 10° 
temperature alloy, N 

rates were determined at 1200° F 
at of 50,000 psi after various 
amounts of reduction at 80° F by cold 
rolling. It can be seen that a minimum 


for a high- 


155.* Creep 
under 


stress 


Table 5—Effect of Heating for One Hr at 1050° F After 10% Strain on the 
Charpy Keyhole-Notch Transition Temperature for Three Alloy Steels 


Initial 


transition 


Steel 
“T-1,"’ heat A 
“T-1,"" heat B 
AISI 4815 (3.5% Ni, 0.25% Mo 
(quenched and tempered 
AISI 2315 (3.5% Ni 
(normalized ) 


temperature 


175 


255 


Transition lt mperature 
After straining 10% 
and heating for 1 hr 

at 1060° f 


Transition 
temperature 
A fler 
10% strain 
155 
999 


ISO 
275 


247 


157 


Other limited data indicate that re- 


covery possibly exerts a significant 
effect on notch toughness and in some 
instances may permit almost complete 
recovery of the notch toughness of the 
original material. In Table 5 are shown 
results of Charpy keyhole-notch impact 
on three “T-1" steel,” 


quenched-and-tempered AISI 4815, 


tests steels 
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in the creep-rate curve occurs at about 
25% reduction. 


Effect of Cold Work on Fatigue 


The significance of fatigue in the 
service performance of pressure vessels 
is discussed by Dolan in the interpretive 
of N 155 iv» 20% 
W,1% Cb, 1% N 


* The nominal composition 
20% Ni, 20% Co, 3% Mo, 2% 
bal. Fe 
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Fig. 9. 
transition temperature of A-201 steel in the Lehigh slow 
notch-bend test (Stout*) 


Effect of heating after prior tensile strain on the Fig. 10. 


report “Fatigue as a Factor in Pressure 
Vessel lh un ‘ © 


the basic features of Col 


it is pointed out that for ferritic steels l ind « 7 have 


fatigue limit exist her al hown 
stress below whi the n ri eff of cold ork on the fa 
in the 
epeated indefinite life 
stress is raised above the “fatigu 
the lifetime decreases 
\ Million cycles ow creased 
observed at stresses on igh is noted 
the endurance limit Lifetimes of pn 
mary interest in connection witl 
he order of 100.000 Conclusion 
not likel 
pressure 
would be 


thost ve 


Known 
raises 
susceptil 
<trengthening 
peening 
trengthen m 


pressure vessel servic 


the fatigue problem 
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ng | hot tne ve 
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work 
| train pheric tempentoe 
hetwee toughine 
we om inte ti 
Phe stresses correspond ompleted pre ire the effect if bette 
ing to these ould generu pst tn nsidered to in whe test 
be in the plastic region it least im the tiv hirect t ‘ ti 4 tire 
earl tages nw Viost of the it the ubsequent 
vork on tatiwue of n the othe ( h the material is cor et 
hand, has been concerne ith the effect tioned wher worked. If logics ke 
of different n the “‘tatigue ive ft taken to minumizge ul to etre 
limit’ or the stresse orresponding to ble effect ODVIOUBLY IM por tu 1 the 
verv long lifetimes. It tant to understand the contributions t if ‘ 
that cold working the overall el e that are made by a While it 0" that 1 . 
t and that in steels factors involve nly cert 
ying sti Some ¢ thy e important gap ‘ 
rom aging su ting infor tion can be summarized at 
whine parts to be lost the studies of the effect gun the ten 
subjected to large of evel trau noteh tougine have OOO" | il 
stress \ henetit ones er th ele ited-tempern j 
results from these treatments in that ture aging. While elevated-tempera Sines 
suriace OTN ve tre ‘ ur’ et ul tu of great impor ents 
in addition to the iv] strengt! tunes are ib et thy it 
resulting from cold working ted to el t temperature nm sul beheved t tt et 
In the range of lifetimes of concern ‘ ent tion operation t flieneing f t 
: Only recently ha portance t ore about the 
heen intensive effect oduced by atmospheric-tern 
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steels (Stout®’."*) 


Information on the effeet of 
microstructure on the change in notch 
toughness produced by cold working ts 
rather meager. With the current inter- 
est in the use of higher strength steels 
it pressure vessel construction, this 
question becomes one of practical inter- 
ent A systematic study of the effects 
on the response to cold work of varia- 
tions in microstructure deliberately pro- 
duced by control of heat treatment 
would be of value, 

t 4 better correlation of the effects 
of cold work produced in actual forming 
operations and effects of cold work pro- 
duced by homogeneous straining in the 
laboratory would be very desirable 
What are the amounts of cold work that 
are of primary interest? How does a 
non-uniform distribution of strain 
through the thickness of a plate affect 
the resistance of that plate to the propa- 
vation of a erack” Can the effect be 


wlequately predicted from laboratory 


testa” 
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INERT SHIELDING GASES FOR 
WELDING ALUMINUM 


Shielding gas containing 50-65% helium, balance argon 
found to be superior to argon, helium, or 
other mixtures of argon and helium for both tungsten-are 


and consumable-electrode welding of aluminum 


BY J. 0. DOWD matic controls to maintain constant 
voltage and travel speed The are 
p current, arc voltage, and welding time 
Introduction were recorded on appropriate meters 
In little more than a decade, the inert- The gas flow, travel speed, ease with 
gas-shielded arc-welding processes have which the filler metal flowed and wetted 
almost completely displaced all others the plate, and any pertinent observa 
for welding aluminum. During this tions were also noted 
time, much has been written concerning 
the nature of the are in argon, helium 
and mixtures of argon and helium 
Little has been published however show 
ing the effect of inert gas COM position 
on such practi al considerations as ease 
of welding porosity in welds suscepti 
bility to hot-short cracking during weld 
ing, deposition rate, and welding costs 
The results of an investigation conducted 
at Aluminum Research Laboratories to 
obtain such information are presented 
in this paper 
Porosity in Consumable-Electrode 
Welds 
Weld porosity is probably the most 
serious problem the consumable 
electrode welding of aluminum It wus 
therefore, the first factor considered in 
evaluating the effect of shielding-ga 
composition In this evaluation, over 
head, multipass welds were used 80 a» 
to obtain maximum porosity The 
welds were deposited in */ 4 in. diam 
in. deep longitudinal grooves ma 
chined in 6 x 12-in, plates of an 
nealed 5052 alloy using a in. dian 
inert gas electroc Imimeciate 
prior to welding the plates were caustic 
etched and wire brushed, and the eles 
trodes were caustic etched 
The welding procedure consisted 


running down-hand test welds to es 


The equipment used was a welding 
machine equipped with a consumable- 
electrode torch ill of which were 
mounted on an automatic travel car- 

igi Reverse polarity direct current 
vas supplied | 1 400-amp welding 

Phe argon and helium flows 
controlled by metering regulators, 


tablish the equipment settings required 


travel speed and gas flow The over 
head welds were then run, using auto 5 


Lal stores 4) 
America, New Kensingtor 
Presented at AWS 1055 


in Philadelphia, Pa., Oc 


Fig. 1 Weld porosity ratings 
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Mixing of the gases was accomplished in which it was physically possible to tion of the diagrams shows that the 
using a simple Y-connection deposit a bead in the overhead position amount of porosity is dependent upon 
Porosity was evaluated by comparing For most of the atmospheres, these are voltage and welding current in a 
radiographs of the welds with the series ranges were 200 to 280 amp and 22 to manner such that each diagram can be 
of standard radiographs shown in Fig. | 30 v. Since it would have been too divided into regions of varying sound- 
Half-ratings were used for intermediate time-consuming to make welds at all of ness. This has been done using the 
porosity levels, Thus, a rating of 2'/, the combinations of current, voltage following arbitrary divisions 
would indicate porosity intermediate travel speed, and gas flow, the travel 
between ratings 2 and 4 speed was held constant at 40 ipm and 
The shielding gas compositions in- the gas flow at 70 cfh 
vestigated were 100%, argon, 75% argon, The results are presented as current- 
24% helium, 50% argon 50% helium voltage-porosity diagrams in Figs. 2 to 
35Y,, argon 65% helium, 200, argon 7. In these diagrams, the porosity ‘ 
SOY, helium and 100% helium. With ratings are plotted at the points corre- Slight porosity t to 2 8 
each atmosphere, the voltage and cur- sponding to the voltages and currents 
Severe porosity Greater than 3 
rent were varied throughout the ranges used in making the welds. Examina- 
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Porosity porosity 

classification rating 
Sound Less than 
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SLIGHT POROSITY (2.3) 

200 220 240 260 260 160 200 220 240 260 2860 300 
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Fig. 4 Current-voltage-porosity diagram for S5O%A- 

50% He atmosphere 


Fig. 2 Current-voltage-porosity diagram for 
argon atmosphere 
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Fig.3 Current-voltage-porosity diagram for 75% A- 25% Fig. 5 Current-voltage-porosity diagram for 65% He- 
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Fig. 6 Current-voltage-porosity diagram for 80% He- 


20% A atmosphere 


Ata 


impossible 


velding speed of 40 ipm, it wa 


obtam sound weld it any 


voltage or current using pure argon or 
Sound welds were obtained, however 
over ver vide eurrent and oltage 


ranges using itmosplhe re containing 
50% and 65° helium, balance argon 
Increasing the helium content to SO%, 
or more decreased the current and volt 
ave ranges within which sound welds 
were obtained. These results clear! 
show that the 50-65° 7. helium, balance 
irgon atmosphere give ound weld 
over the widest ranges of are oltage 
ind welding current 

While making the welds using argon 
it was observed that the wetting of the 


muel 
than «at 


metal wa 


the filler 


hetter at low travel 
fast travel 


base plate by 
speeds vetting Wie 


iffected ly travel speed twa thought 
that the voltage range vithin whiel 
sound consumable-electrode weld eould 


iffected by trave 


be made might also be 

speed To check th overhead, multi 
pass welds were made in argor ind 65% 
helium 35°, argon atmosphere To 
minimize the number ol test il eld 
vere made at 240 amp, the current that 
gave the soundest and best appearing 
welds at 40 tpm The result vhicl 
ire plotted i hig. &S how that sound 
velds were obtained at trave peed 
hetween 24 and 60 ipm in the 65 

helium 35° 7 argon atmosphere Im ar 
gon alone, however, sound welds were 
only obtained over a ver narre ait 
age range and at trave peeis of 
25 ipm \Maintaiming the ar oltage 
within the narrow range neiwated tor 


argon is not possible th most of the 
power source use ine 
pensive electronic control equipment 


1956 


atmosphere 


ec Therefore it i not sul 
irgon-shielded con 
unable-elect velas difhieult to 
the overhead using 
oit 


ive 
int int 


stand 


position 


ird power ources not having 


we control 


Hot-Short Cracking 
Hot 


during 


short « 
the ve 


ny sometimes occurs 


ling of certain combina 


tions of illo 


plate and elec 


nput 


trode 


during welding 


iffects the 1 nitude of such cracking 
since if WAS ¢ ‘ eit while inaking the 
porosity tests that heat input and weld 
ny time ver ( vith the helwnon 
argon muxture than ith argon alone, it 
is rensoned that weld cracking might 
be le n that mixture check 
t} cracking test vere run in 
igonand bo, he igon atmos 
phere num magnesium al 
0 for the base ites and electrode 
1} e alle ere elected because the 
ire the best alu nu illovs for welded 

The procedure vhich Was essentiall 
the same as that desenibed previous! 
ol of fillet velding i 
7 ertical plate to a le x 4 lO-in 
} e plate to form an inverted | t jo 
necimel Base plates of 3004, 5052 
1100, 3004, 5052, 5154 and 5056 allo 
ere used Phe ¢ pints 
electrode inl thiospher vere tested 

randor ‘ ‘ The 100%, yon 

eld ere current 
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Fig. 7 Current-voltage-porosity diagram for 100% helium 


is used as a measure of the sus- 
lity to hot-short cracking 
results are summarized in Fig. 9 
hi kin plotted as a fune- 
f the magnesium content of the 
head Although the curves for 
ind the 65°) helium 359), argon 
e are ir in shape, the amount 
king in the helum-argon atmos- 
i uch ke than that in argon 
From the eld-cracking stand- 
these data indicate that the 
ingon mixture is supenor to 
especin vhen using plate 
wit ombinations susceptible to 


racking 


Deposition Rate 


Deposition rates during consumable 
electrode welding with 100€) argon and 
65°) heliu arcon shielding gases 

ere determined at “ious are currents 
in diam 5154 electrode, The 
exult vhich are plotted in Fig. 10 

he that the deposition rate in’ the 
eut than uw ine irgon, with the 
diflerence ng mere pronounced 
im the ny current is increased It 
evident fro this that the time re 
quired te ithe ( ould be ipprect 
aby le th the mixture than with 
n alor 


t! hich a weld can be 
ked iffect both the 

the weld Any 
‘ elding must in 

‘ kill and the 
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Fig. 8 Effect of travel speed on volt- 
age range for sound overhead weid 


ease with which the filler metal flows 
and wete the base metal. It was ob- 
served in both the porosity and weld 
cracking tests that the filler 
flowed and wetted the base plate much 


metal 


more readily when the 65% helium 
35°) argon mixture was used than when 
argon alone was used Because of this 
superior wetting, both tungsten-are and 
consumable-electrode welding is physi 
eally easier using this mixture than it is 
using argon alone 

The good wetting obtained in’ the 
helium-argon mixture was also advan 
tageous because it permitted the use of 
edge contours having emall groove 
angles; with argon alone it was often 
necessary to use larger groove angles he- 
cause of the poor wetting. The narrow 
angle contour is superior in that it re- 
duces the amount of welding required 
to make a given joint 

Pure helium and mixtures high in 
helium also gave good wetting, but the 
are in these shielding gases has poor 
stability and produces a lot of spatter 
The are in the 50-65°) helium, balance 
argon mixture has neither of these dis- 
mivantages, being similar in these re- 
aspects to the are in pure argon 

It has already been pointed out that 
satisfactory welds can be made over 
much wider ranges of welding current 
are voltage and travel speed in the 50 
65° helium, balance argon mixture 
than in argon, helium or other mixtures 
This means that much wider variations 
in these conditions can be tolerated dur 
ing welding in this mixture than in argon 
alone Furthermore, with this helium 
argon mixture machine settings are not 
critical; consequently fewer test welds 
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Fig. 9 Weld cracking of Al-Mg al- 
loys in 1|OO%Aand 65% He-35%A 
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have to be made to establish the proper 
settings 

Penetration with the helium-—argon 
mixture is appreciably greater than with 
argon alone. In making most welds 
this would be an advantage; but in welds 
where shallow penetration is desired, it 
would be a disadvantage 

From the above it can be seen that 
welding is easier in the 50-65°7 helium 
balance argon mixture than in argon 
helium or other mixtures of helium and 
argon because of the superior metal flow 
and wetting; the good are stability and 
freedom from spatter; the wider ranges 
of are current, are voltage and travel 
speed that can be used; and the deeper 
penetration of filler metal obtained 


Welding Cost 

The cost of the shielding gas should 
generally be less with the helium-argon 
mixture than with argon alone One 
reason is that the mixture costs about 
10°) less per cu ft than pure argon 
based on an argon cost of 9.4 cents per 
cu ft and a helium cost of 8.0 cents per 
eu ft 
used with argon can also be used with 
the mixture, this 10°) savings would 
usually be realized 


Since the flow rates generally 


A second and more 
important reason for lower gas costs is 
that the welding time using the mixture 
is appreciably less because of its higher 
deposition rate 

Other costs should also be less when 
welding with the helium-argon mixture 
The higher deposition rate should re- 
duce labor, power and burden costs 
The small groove angle that can be used 
with the mixture would in many cases 


reduce gas, labor, power, burden and 
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Fig. 10 Deposition rates for 5154 
welding wire in 100% A and 65% 
He-35% A ctmospheres diam 
wire, 27 v) 


electrode costs. The decreased poros 
ity obtained with the mixture would 
mean fewer repairs and lower inspection 
costs, as might also the decreased sus- 
ceptibility to hot-short cracking 
savings, when added together, constitute 
a very real and worthwhile reduction in 
welding costs 


These 


Summary 

A shielding gas containing 50-65% 
helium, balance argon is superior to 
argon, helium, or other mixtures of ar- 
gon and helium for both tungsten-ar 
and consumable-electrode welding of 
aluminum. This helium-argon shield 
ing-gas mixture gives sounder welds 
decreases the susceptibility to hot-short 
cracking, permits the use of 
ranges of voltages, current, and travel 
speed, makes welding easier and faster 


wider 


and reduces welding costs. 
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MECHANICAL PROPERTIES OF BUTT 


JOINTS BRAZED WITH BAg-1, BAg-3 


AND BCu FILLER METALS 


The room temperature, impact, tensile and fatigue properties of 


brazed butt joints are presented in a manner that will enable designer 


BY G. HANSEL 


Occasionally the designer encounters a 
joining application for which one of the 
brazing processes would be best suited 
However! 

that 
little known properties, such as the im 


the nature of the joint may be 


such questions are raised about 


pact or fatigue values which may be ob 
tained from brazed butt joints A large 
amount of brazing involves the use of 


with 
the filler metal sect being ae ler tec pur 


hardenable ferritic-base materials 


tially due to the relationship that the 
brazing cvele bears to the heat treat 
ment of the base material 


This investigation has been conducted 
to establish the 

butt which 

will enable the designer to properly de 


physical properties of 
brazed joints in manner 
sign butt joints for specific applications 
\ hardenable ferritic steel of the 2'/.0 
Ni, '/.0 Mo variety, and filler metals 
BAg-1, BAg-3 and BCu have been chosen 
to represent the field of joining applica 
tions which often arise. The room tem 


perature, impact, tensile and fatigue 
properties of joints prepared with these 


materials are presented in this paper 


Materials 


Filler metal* BAg-1 was selected for 


tests on joints which may be prepared 
without exceeding a 
1200° | Filler metal BAg-3 flows well 
it 1300° F, and was 
data on the properties of joints which are 
prepared below the 1340° | 


which character 


temperature ol 


chosen to 


transforma 
tion temperature range 


izes many ferntic materials Kor 


joining situation which would permit 


fully heat treating the brazed assembly 
BCu filler 


the use of metal ix possible 


G. Hansel ciated with General | ‘ 
audy, N.Y 
Presented AWS 105 Va } 1 
held in Pa 
* AWS-ASTM f braszir t 


1956 


lo design properly these joints for specific applications 


ind was selected for the third series of 
tests 

The characteristics of the material 
selected for th nvestigation are shown 
n the table below 


paste 
phe 


Using 


ited the 


controlled at 
brazing 


instead of the 
employed th 
of obtaining sound 
flux (Type No 
irabilits 


e probiem 


ol select 
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Although the Ac; of the base material ng, from two brazing procedures, the 
used for this investigation is lower than better procedure to be used in the prep- 
the 1400 brazing temperature of imation of test specimen One pro- 
BAg-3. this steel hardenable during cedure would involve the use of @ speci 


furnace cooling, and as used throug 
this reason The 


grain growth which occurs in most steels 


out tor extensive 


brazing cycle makes a 


hent 


during the copper 


yrain refinement treatment dest 
able (;rain refinement is 
ylitl ibhove the A 


The fhen cooled 


wcomplished 
by sustenitizing 
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The fact that the 2.5° 
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enough to obtar 
red 
Ni 


furnace hard 


sirable in ordet 


harclling the 


enable made the ise «le 
to eliminate the need tor 


iustenitized brazed how 


suenching in sore other meria 


Brazing Procedure 
Using the Silver Alloy Filler Metals, BAg-! 
and BAg-3 

Phe and BAg 


ere te 


test specimen 


be brazed using an 
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men hie 

the dept! 
metal fed 
is shown 


procedure 


urlace ol 


precoated 


men im 


tines 


of loop 


ing the 


joint clearance fixed by 


of the rec ground into the 
pecamen halves filler 
into the joint during brazing 


| In 


tigated 


with 


the second 
the joint 
halves are 


pecimen 


ith filler meta) and the spec 
ized in the vertical position 
applied pressure 
made to fix the 
metal with thix 


except that the pressure on 


of the 
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MATURAL GAS BURMERS 


Fig. | Oblique and side views of 
specimen employing fixed joint clear- 
ance 


faces before they are assembled in posi- 
air-natural gas radiant 
Although 
the method of heating proved rapid and 


tion and tack welded as shown 
ix applied by 
burners positioned as shown 


provided uniform heat distribution, un- 
The BAg-|! 


metals displayed a 


satisfactory joints resulted 
aml BAg-3 filler 
strong tendency to fill the very tight 
Clearances at the shoulders of the speci- 
men, but would not fill the 0.003-in 
interstice of the test aren It appeared 
that a joint clearance could be selected 
which would result in more satisfactors 


joints, This investigation would not 


FILLER METAL BAg-5 


572 m2 
TEMPERATURE (F) 


Fig. 3. Time-Temperature plot of the brazing cycles recorded when preparing 
blanks to be machined into fatigue specimens 


serve its purpose, however, if data were 
obtained using a technique that involves 
a critical relationship between joint 
clearance and the ability to consistently 
produce quality joints 

Procedure 2 Investigation of a sec- 
ond procedure proved that it provided 
better joints and did so with greater 
This is the 


follows 


procedure 
which was used and is as 

| Prepare the base material in 
blanks whose size is determined by the 
size of the specimen to be machined 
from the brazed assembly All sur- 
faces which parallel the joint are ground 
flat and maintained in parallel with each 
other 


Fig. 2. View of arrangement used to prepare joints from precoated parts in a 


mandrel press 
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2. Degrease the halves 
and grit blast the two joint surfaces 
with No. 80 steel grit 

5. Precoat the two joint 
with BAg-!l or BAg-3 filler 
After the specimen halves have cooled 
all flux residues and apply a 
fresh, thin coating of acid fluoride paste 


specimen 


metals 
remove 


flux to each surface 

4. Place the specimen halves in a 
arrange burnet 
Apply 100 psi t 
the joint, and proceed with the brazing 


mandrel press and 


thermocouple, ete 
operation, using the equipment set up 
as shown by Fig. 2 (The alignment 
of the bottom part of the specimen | 
fixed by a locating pin in the cente: 
the flat plate clamped to the press 

5. Bring the work to brazing te: 
persture using alr-natural gas radiant 
heating and «# temperature recording 
unit. Figure 3° shows representative 
thermal eveles for brazing with filler 
metals BAg-! and BAg-3 


Procedure 
Using the BCu Filler Metal 

The tight joint fits which are requisite 
to successful brazing with copper filler 
metal were maintained by clamping the 
specimen halves tightly together and 
welding them in place. Larger speci 
mens were used for the preparation « 
samples brazed with BCu and several 


test specimen bianks were obtained 


from enel 


Fig. 4 Impact, tensile and fatigue 
specimens used in this investigation 
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The duration of the furnace brazing 
cycle was 4 hr, in hydrogen atmosphere 
ithe luding hi hold 
After 


base metal is fulls 


(dew point 10° F 
time at 2100° F 
2100° F, the 
with an 


from 
hard 


cooling 


ened extremely large grain 
refinement is 
1545° 
F for 2 hr and furnace cooling to 750° 
F at a rate of 200° F pet Tem- 
F for 2 hr returned the 


material to a hardness of 190 (Bho 


size. Subsequent gram 


accomplished by 


austenitizing at 
hour 


pering at 1180 


Testing 

The specimens and procedures used 
in obtaining impact, tensile and fatigue 
values for this investigation are standard 
for tests on homogenous 
with the exception that ail impact speci- 
The standard 


specimens 


specimens, 


mens were unnotched 
.505-in. tensile were 
chined from 1l-in blanks 
loaded at 40,000 psi per minute 


and 
The 


99 


square 


impact specimens (0.594 x 0.394 x 
and 0.394 x 0.788 x 2.2 
in a 110 ft-lb testing machine 
1 is a view of each of the specimens used, 


were evaluated 


Figure 


including the rotating cantilever fatigue 
specimen. The fracture in the fatigue 


specimen may occur at any point 


throughout the tapered region of uni- 
form stress. For reasons of uniformity, 
however, 
with the joint located as shown by the 


all specimens were prepared 


fracture 


Test Results 


One of the purposes of this investiga 


tion was to evaluate a selected set of 


conditions suitable for the brazing of 


large parts. It is emphasized that one 
of the most valuable findings of this in 
vestigation was learning the extent to 
which scatter exists in tests conducted 
on specimens which have been prepared 
by this set of conditions 

The charts in Figs. 5 and 6 present 
impact and tensile test results as a fun 
joint clearance, and serve to 
this scatter An 


suid h us that shown iti big j 


tion ol 
illustrate unnotched 
specimen 
was used for impact testing 

It is important to note that the chart 
in Fig. 6 shows a uniformity of tensile 
strength values for specimens prepared 
with BCu and BAg-1! filler metals Im 
with these 
however, displayed results 
that of 


pact prepared 


filler metals 


whose inconsistency resembled 


specimens prepared with BAg-3, a filler 


metal whose tensile specimens displayed 
a considerable variation in properties 

The observation that impact-tested 
joints displayed inconsistencies which 
shown in similarly prepared 


were not 


tensile specimens poses an interesting 


shown by an 
examination of the fractures is equal in 


both the tensile and impact specimens 


problem. Joint quality as 


Similarly, no useful correlation between 


clearance and impact strength 


joint 
seems to exist for the joint clearances 
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Fig. 5 Scatter plots showing the joint clearance and absorbed energy values 
obtained from the investigation of impact properties 
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ULTIMATE TENSILE STRENGTH PLOTTED AS 

A FUNCTION OF JOINT CLEARANCE COMPARING 
THE CHARACTERISTIC CLEARANCES ASSUMED 
BY FILLER METALS BAg~! AND BAg-3, AND 
THE RANGE OF VALUES OBTAINED IN TENSILE 
TESTS ON JOIWTS PREPARED WITH EACH 
FILLER MATERIAL 


ULTIMAT 
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TENSILE STRENGTH 
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32.860 
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Fig. 6 Ultimate tensile strength plotted as a function of joint clearance 
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of test results 
1 it 
ubjected these brazed 
condition hich, for 


which were tested difference m 


the consisten: however 
is striking, an concluded that im 
pact testing ha 
to a tros 
them is severe, being capable of detect 
ing flaws. in perfections of other differ 
ences much more effectively than 
tensile testing 


The 
iich exist 


nature of the stress condition 


brazed joint under 
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its center, in the region of lowest base 
metal alloy content. Bredz« and Ros- 
toker' have discussed the manner in 
which the tensile strength of a material 
may be increased by the biaxial con- 
straint occurring when this material is 
in a brazed joint as a filler metal. The 
“neck down” effect which is common to 
specimens it tension, and which is 
pressed by biaxial constraint, occurs in 
the impact testing of unnotched ductile 
materials such as that shown in Fig. 
7 (solid Charpy) 
neck down effect will lessen the amount 
of filler metal elongation which may 
occur before the tensile strength of the 


Suppression of the 


base metal is reached 

The high rate of strain to which a 
specimen is subjected during impact 
testing contrasts sharply with the strain 
rate imposed on a specimen in tensile 
test. This is very significant when one 
considers that an imperfeetion, under 
the standard conditions of tensile test- 
ing, has more opportunity to alter its 
geometry, thus alleviating the notch 
severity which it originally possessed, 
than is allowed under impact conditions 
In applying this to the variation in 
theorbed energy values obtained from 
impact testing, it can be seen that the 
bend angle which an impact specimen 
ean attain before fracture occurs is 
dependent upon the ability of those 
fibers which are under tensile stress to 
elongate, Of the impact specimens 
brazed with BCu filler metal, some joints 
contained imperfections which rendered 
the surface fibers too weak to cause 
elongation in the base metal on each side 
of the joint. As these fibers fail, a very 
sharp noteh results, and the fracture 
proceeds to completion with almost no 
further absorption of impact energy. 
It appears that the contrast between 
the uniformity of impact and tensile 
test results for BCu, BAg-l and BAg-3 
joints may be explained on the basis of 
the above discussion, as applied to the 
inherent characteristics of each type of 
joint, 

Figure 8 contains a view of typical 
impact fractures in joints brazed using 
KAg-l, BAg-S and BCu filler metals 
Variations in joint efficiency* oecur only 
among specimens brazed with BAg-3 
filler metal. The small, uniformly dis- 
tributed gas voids in BCu joints are 
quite visible in this photograph. All 
joints prepared with BAg-l exhibited a 
joint efficiency of approximately 50% 
and consisted of small areas in which 
flux had been entrapped, uniformly dis- 
persed between small bonded areas free 
of flux 
contrasts sharply with that existing in 
BAg-3 joints where a nonuniform dis- 
voids and large 


entrapment, This condition 


tribution of large 
bonded areas coexist 


* efficiency the percentage of given 
joint area which in completely bonded to its mat 
ing surface 
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Fig. 7 View of the deformation which exists in a solid impact bar after testing 


In reviewing the above joint charac- 
teristics from the standpoint of their 
performance during impact testing, it 
will be seen that the amount of scatter. 
and the impact strength level in which 
this seatter occurs, may be discussed 
with respect to the type and frequencies 
which are 
peculiar to each filler metal. BAg-1, for 
example, produced joints containing 
a very large number of small voids. 
Although this filler metal produced ten- 
sile specimens which were superior to 
some of the tensile specimens brazed 
with BAg-3, and were much 
uniform, the impact test results were low 
due to the fact that each specimen pos- 


of surface imperfections 


more 


sessed surface flaws. The character- 
istic nature of void formation in speci- 
mens brazed with BAg-3 
indicates that more variation wil! oecu 
in the values obtained by impact test- 


however, 


ing since not all joinis will contain voids 
at their edges. By virtue of the cor- 
ollary possibility that individual voids 
may or may not be sufficiently large, 
less uniformity is to be found in the 
tensile data for BAg-3. 

The observations which are made 
regarding the factors affecting impact 
and tensile values, apply equally well to 
an understanding of their fatigue prop- 
erties, with fatigue test and tensile 
test results each being dependent upon 
the characteristics of the joint in a 
similar manner. The charts in Figs. 
9, 10, and 11 show the fatigue curves 
which have been obtained for each 
filler metal, 

The rotating cantilever test which 
was employed in this investigation 
places alternating tensile and compres- 
sive stresses on the specimen fibers 
according to the pattern of a sine curve 


of 1500-1700 wave lengths per minute 
Examination of failed BAg-3 tensile 
specimens revealed no dependable cor- 
relation between the incidence of sur- 
face imperfections at the joint and the 
performance of the joint in fatigue test 
This finding contrasts sharply with the 
fact that the fatigue properties of a 
homogenous part improve with its 
smoothness 

The two fatigue specimens prepared 
with BAg-! which were somewhat above 
the fatigue curve for these specimens 
had a joint clearance of 0.0015  in., 
whereas the remainder of these joints 
were approximately 0.0025 in. thick 
The uniform condition of flux entrap- 
ment probably makes joint clearance 
the only significant factor in influencing 
the minor variation existing in this set 
of test values. 

In examining the fatigue testing of 
BAg-3 specimens, each of two variables, 
joint efficiency and joint clearance, have 
an influence on the test result. The 
presence of two variables prevents an 
attempt to explain the single variation 
which occurred in fatigue testing these 
specimens. It was generally observed 
however, that joint efficiency is more 
important than joint clearance in deter- 
mining fatigue performance 


Joint Fractures 


Figure 12, (a), (b), and (e), shows 


representative photomicrographs at 
250 & of joint fractures prepared with 
BAg-1, BAg-3 and BCu, respectively 
Each specimen has been nickel plated 
for the polishing operation. 
of the grit-blasting operation remains 
apparent in Fig. 12 (a) and (b). Note 
the thorough coverage of the base metal 
by BAg-3 in contrast to that shown in 


e 


Fig. 8 Shown is the appeorance of fractures in impact specimens prepared with 
BAg-1!, BAg-3 and BCu 
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the fractured BAg-l specimen. Flux 
entrapment in the presence ol BAg-|! 
results in areas which are not wet by 
filler metal, the precoated filler meta! 
having been displaced by flux. In the 
case of the more sluggish BAg-3, how- 
ever, flux is entrapped, as for instance 
hetween the two joint surfaces which 
remain wetted by the filler metal 

The contrast between the size and 
nature of the voids is shown in Figs 
13 and 14, which are radiographs of 
joints prepared using BAg-1 and BAg-3 
filler metals. Note the fine, granular 
dispersement ol void characterizing 
BAg-1! filler metal and contrasted with 
the irregular large dispersement of 
voids shown for BAg-3 filler metal 


n 
Fig. 14. Figure 12 ( reveals the 
extensive alloving which has occurred 
between the BCu filler metal and the 
base metal 

It is interesting to note the character 
istic mode of the failure occurring in a 
fatigue specimen brazed with BCu 
The observations which were made on 
fractures in BAg-!l and BAg-3 fatigue 
specimens do not show that this discus 
sion may be extended to the case of the 
silver alloy filler metals 

Figure 15 is a photograph of a BCu 
specimen which has been fatigue tested 
to failure. The wormlike areas of gas 
entrapment are typical of those which 
were found in all specimens which were 
prepared for this investigation using 
BCu filler metal. Of interest, is the 
manner in which darkening of the fille 
metal is related to the progression of 
failure through the joint. In_ this 
specimen, the failure was clearly started 
from the left of the sample shown in 
Region A From the bright areas in 
Region A in the upper half of the joint 
it can be seen that the filler metal 
pulled away from the base metal to pro 
vide the beginning of failure Ax failure 
progressed through the joint to the 
right, it accelerated through Region B 
until failure occurred almost instantane 
ously upon reaching the edge of this 
region This observation ts based upon 
the manner in which the discoloration 
in Region B gradually lessens until the 
salmon color characteristic of tensile 
and impact failures in joints brazed with 
BC u filler metal is reached 

In examining the fractures in all 
specimens which were prepared using 
the silver alloy filler metals and paste 
flux type No. 3, the importance of eli 
minating flux entrapment in brazed 
joints is ver striking The statement 
that there are possi ities for butt 
brazed joints received strong support 
when one considers that tensile strength 
values of 30,000 psi were obtained on 
BAg-l specimens have a joint efficrens 
of only 50°%, or that a BAg-3 specimen 


of only 60% joint efficiency frac tured at 
60.000 ps! The need for hetter, more 
practical methods of consistently ot 
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Fig. 9 Results of rotating centilever fatigue tests on joints prepared with BAg-1 
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Fig. 10 Results of rotating centilever fatigue tests on joints prepared with BAg-3 
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Fig. 12 Photomicrographs (X 250) of the fracture area in impact specimens prepared with BAg-1, BAg-3 and BCu filler 


metals. 


taining sound brazed joints is great, 
and is now under further study on a 
practical basis 


Conclusions 

1. The impact properties of sound 
brazed joints will vary according to the 
ability of those joint fibers which are 
under tensile stress to cause elongation 
of the base material. The amount of 
scatter to be found in impact tests on 
brazed joints will depend in part upon 
the incidence of joint imperfections 
occurring at the joint surface under ten- 
sile stress 

2. The tensile strength of 
which are brazed under the conditions 
selected for this investigation is approxi- 


joints 


Fig. 13. Radiograph of joint brazed 
with BAg-|! filler metal 


Each of these specimens was nickel plated for the polishing operation. (Reduced by 


mately 30,000 psi for BAg-1 and ranged 
from 27,600 to 60,400 psi for BAg-3 
Specimens brazed with BCu_ provide 
tensile strengths of approximately 74,- 
000 psi at a joint clearance of 0.0004 
0.0008 in 

3. Although BAg-3 
higher strength potential than those pre- 
pared with BAg-1, they are quite incon- 
sistent For this reason, the endurance 
limit stress established by this investi- 
gation for joints brazed with BAg-1 was 
11,000 psi, and 9000 psi for joints pre- 
pared with BAg-3. The 
limit stress of joints prepared with BCu 
filler metal is 14,000 psi 


{. This investigation has shown that 


joints show 


endurance 


Fig. 14 Radiograph of joint brazed 
with BAg-3 filler metal 


upon reproduction). 


the field of silver-alloy  filler-metal 
brazing has an outstanding need for 
fluxes and techniques which may be 
used with the flexibility 


many manulacturing operations to pro- 


required by 


vide consistently void-free joints 
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Fig. 15 View of a typical fracture in a 
fatigue specimen prepared with BCu 
filler metal 


RESEARCH NEWS 


certified for nine trace elements: alu- 
minum, boron, copper, molybdenum, 
niobium, lead, vanadium, tungsten, and 
zine. These are available in the form 
of rods 4/s in. in diam and 4 in. long 
The rods have a uniform grain struc 
ture resulting from hot-rolling and 
annealing the cast metal. The surfaces 
of the rods were finished by centerless 
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(Continued from page 194-s) 
grinding. The homogeneity of the 
rods, both in cross and longitudinal 
sections, was studied by spectrocheri- 
eal analvsis at the Bureau and was 
found satisfactory with respect to the 
concentrations of the certified elements 

The standards « 
to the analysis of stainless steel rods 


in be applied directly 
prepared in a similar manner and with 


Hansel—Brazed Butt Joints 


similar dimensions However when 
the standards are applied to the analysis 
of steel samples prepared by other pro 
cedures, adjustments may be required 
to correct for variations introduced by 
physical differences 

The stainless steel standards may be 
Bureau of 


Standards for a fee of $8.00 excl 


obtained from the Nationa 
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: 
Funda 
ne 1952 


